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Abstract 
Biomass is classed as a renewable resource. Depending on the means of 
production, it can be sustainable and can provide net benefits regarding CO2 
emissions by displacing fossil fuels as an energy source. A significant biomass 
energy conversion technology is combustion in conventional thermal power 
stations. This can be implemented in large scale plants such as those which 
dominated electricity generation throughout the 20th century. While these power 
stations were generally fuelled by the erstwhile ‘King Coal’, the technology is 
not exclusive to it. Coal consumption can be displaced in these types of plants 
by either co-firing biomass with coal or full conversion to biomass.  
Currently, in the UK, the vast majority of the biomass fuel consumed for power 
generation is imported pelletized forestry wood. However, sustainability and 
domestic energy security concerns have created interest in using other 
resources including energy crops such as short rotation coppice willow and 
miscanthus, agricultural by-products such as wheat straw and olive residue.  
The variation in the properties of these fuels presents a number of technical 
challenges which conventional power plant must overcome to achieve ‘fuel 
flexibility’. Along with other technical challenges regarding the operation of 
conventional thermal power plant, these formed the basis of the Research 
Councils UK funded consortium grant (EPSRC, 2012) entitled Future 
Conventional Power. As a consortium partner in this project, the University of 
Leeds led research tasks associated with fuel flexibility. Much of the research 
presented in this thesis was based on the objectives set out in the Future 
Conventional Power project and was financially supported though this grant.  
Two particular challenges provide the incentive for the investigations presented 
in this thesis and can be summarised as: 
• assessing the variability in fuel combustion behaviour and control of 
burn-out efficiency for different fuels 
• understanding the behaviour of potassium during the combustion of 
biomass fuels to aid in the prediction of ash behaviour, emissions and 
associated operational problems 
v 
Both these points were addressed with a series of experimental studies. In 
addition, a model of the combustion of single particles was developed for 
validating and interpreting the results.  
A range of fourteen solid biomass fuels, typical of those likely to be used in 
large scale power plant, were selected for the experimental studies. The 
composition and fundamental characteristics of these fuels, obtained by 
standard analytical techniques, are presented.  
In the first experimental study, single particles were exposed to a methane 
flame, simulating biomass combustion in a furnace. Measurements of ignition 
delay, volatile burning time and char burn-out time were undertaken using high 
speed image capture. Particle surface temperatures were measured by infra-
red thermal imaging. Analysis of the data identified correlations between the 
biomass fundamental characteristics, particle size, and the observed 
combustion profiles. Empirical expressions for the duration of each combustion 
stage are obtained from the data. From these, a “burn-out” index is derived 
which provides a useful indication of the relative milling requirements of different 
fuels for achieving effective burn-out efficiency.  
A similar experimental method was used in the second study in which the gas-
phase potassium release patterns from single particles of various biomass fuels 
were measured by use of flame emission spectroscopy. The observed 
potassium release patterns for the various fuel samples are presented. The 
release patterns revealed qualitative differences between different fuel types. 
Relationships between the initial potassium content, peak rate of release and 
the fractions of potassium released at each stage of combustion were identified. 
These were subsequently used for comparing with results of modelled 
potassium release.   
A third experimental study investigated the variation in thermal conductivity 
between different types of solid biomass using a technique and apparatus 
developed specifically for the study. The results showed variation of thermal 
conductivity between different types of biomass which had been similarly 
homogenised and densified. The thermal conductivity of small particles of each 
fuel was derived. The resulting data provides useful values for thermal 
vi 
modelling of biomass particles and is used subsequently in a combustion 
model.  
Elements of each of the experimental studies were used in a detailed model of 
single particle combustion. In this, the particle was modelled as a series of 
concentric spherical layers which enabled calculation of internal mass diffusion 
and heat transfer. Devolatilisation and char oxidation were approximated with 
single step reaction kinetics. A volatilisation and diffusion mechanism was 
adopted to simulate the release of gas-phase potassium from the particle. The 
output from the model was compared and validated using data from the 
experimental studies. The modelling produced confirming evidence that the 
assumed mechanisms for gas-phase potassium release were valid and 
provided a tool for future investigation of the subject.  
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𝑃 pressure N . m-2 
𝑄 heat flux W 
𝑅 Gas constant (= 8.31446 ) J . K-1 . mol-1 
Δ𝑟 radial thickness of modelled concentric layer m 
𝑆 surface area m2 
𝑇 temperature K 
𝑡 time s 
𝑈  velocity  m . s
-1 
𝑉 volume m3 
𝑊 specific energy (energy per unit mass) J . kg-1 
   
xix 
α coefficient relating solid-phase to gas-phase mass of potassium 
β coefficient of potassium entrainment in devolatilisation  
Γ mass diffusion coefficient  m2 . s-1 
𝛾 proportion of gas in particle by volume dimensionless 
𝜀 emissivity dimensionless 
𝜂 order of reaction dimensionless 
𝜅 thermal diffusivity m2 . s-1 
𝜆 thermal conductivity W. m-1. K-1 
𝜌 density kg . m-3 
𝜎 Stefan-Boltzmann constant (= 5.67x10-8) J . s-1 . m-2 . K-4 
 standard deviation dimensionless 
𝜏 characteristic time constant s 
𝜐 kinematic viscosity  m2 . s-1 
Φ mass concentration kg . m-3 
𝜁 coefficient of moisture evaporation s . K-1 
𝜒 conversion fraction dimensionless 
Ω coefficient of energy of comminution J . kg-1 . m 
   
𝑁𝑢 Nusselt number dimensionless 
𝑅𝑒 Reynolds number dimensionless 
𝑃𝑟 Prandtl number dimensionless 
   
C, H, N, O 
S, Cl, K etc. 
standard chemical symbols for elements (also 





𝑠 relating to surface of spherical particle  
𝑖 property of layer 𝑖  
𝑝 property of entire particle   
𝑤 property of moisture fraction  
𝑑 property of dry (moisture free) fraction  
𝑣𝑜𝑙 property of volatile fraction  
𝑐ℎ𝑎𝑟 property of char fraction  
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𝑎𝑠ℎ property of ash fraction  
𝑔𝑎𝑠 property of gas surrounding particle  
0 initial condition  
𝑐𝑜𝑛𝑣 relating to convective heat transfer  
𝑟𝑎𝑑 relating to radiative heat transfer  
𝑐𝑜𝑛𝑑 relating to conductive heat transfer  
𝑔𝑟 gross value   
𝑛𝑒𝑡 net value  
𝑎𝑟 relating to sample ‘as received’   
𝑂2 relating to molecular oxygen (gas)  
𝐾 relating to potassium (all species)  
𝐾𝑂𝐻 relating to potassium hydroxide  
𝐾𝐶𝑙 relating to potassium chloride  
𝑐𝑣 constant volume  
𝑐𝑝 constant pressure  
𝑒𝑞 condition at equilibrium  
𝑡𝑐 relating to thermocouple  
𝑖𝑛𝑠 relating to insulation  




AAS atomic absorption spectroscopy  
d.a.f. dry ash-free (measurement basis)  
EDX energy-dispersive x-ray spectroscopy  
GCV gross calorific value  
MTOE million tonnes of oil equivalent (energy)  
wt% percentage by weight  
XRF X-ray fluorescence spectroscopy  
   
Other, non-mathematical abbreviations and acronyms are defined in the text 
where first cited or as appropriate in the context. 
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Chapter 1  
Use of solid biomass fuels for large scale power generation 
1.1 Introduction 
Combustion of biomass is not a new technology. Indeed, it is arguably one of 
the oldest, with evidence of controlled fire being used by early hominids dating 
back hundreds of thousands of years (Berna et al., 2012).  With such a long 
history of experience in burning wood and other biomass materials, it is a valid 
question then to ask “why do we not already know all there is to know about 
burning biomass?”.  There are two key points to make in answer to this. Firstly, 
the terms “biomass” and even” wood” cover materials which are hugely variable 
in many significant aspects relevant to their use as fuel, particularly in power 
generation applications. Secondly, the technologies used to burn biomass also 
vary considerably. The large-scale boilers which are the context of this research 
were originally developed for use with coal, not biomass, so the experience in 
this particular area is not as extensive as many other energy technologies or 
fuels. The questions which this research thesis sets out to answer are related to 
these two points.  
Before these questions are set out explicitly in later chapters, it is useful to 
provide some context explaining why solid biomass fuels are being considered 
for large scale power generation and clarification of the meaning of the terms 
“solid biomass fuel” and “large scale power generation” .  
1.2 Renewable Energy 
1.2.1 The demand for renewable energy 
In 2014, the Intergovernmental Panel on Climate Change (IPCC) completed 
publication of the fifth assessment report on climate change. The report covers 
numerous and extensive scientific studies on the pertinent aspects of the 
possible causes (i.e. greenhouse gases) and effects (i.e. global warming) 
regarding climate change. The first key point made in the summary document 
is: 
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“Human influence on the climate system is clear, and recent 
anthropogenic emissions of green-house gases are the highest in 
history. Recent climate changes have had widespread impacts on human 
and natural systems.” (IPCC, 2015) 
This was a re-iteration of the conclusions of previous reports but was supported 
with more convincing evidence and analysis. This served to reinforce the 
consensus among governments worldwide to act on reducing greenhouse gas 
emissions. In fact, many governments have committed to such measures since 
signing up to the 1997 Kyoto Protocol Treaty and subsequent agreements of 
the United Nations Framework Convention on Climate Change (UNFCCC). The 
latest of these was the 2015 Paris Agreement which set out proposed action on 
climate change mitigation from 2020 onwards. The focus of these agreements 
and treaties has been to reduce global greenhouse gas (GHG) emissions and, 
in particular, carbon dioxide (CO2) emissions.  
Anthropogenic CO2 emissions arise primarily from conversion of fossil-fuels for 
energy. Currently world primary energy consumption is overwhelmingly 
dependent on fossil fuels, be it consumed in the transport sector (mainly 
petroleum oil), in buildings sector (mainly natural gas and oil) or the industrial 
sector (coal, natural gas and oil). Electricity generation is a means of converting 
from one energy vector to a another vector which is subsequently delivered to 
the various consumption sectors. As one of the main users of primary energy, 
electricity generation can also be considered as a consumption sector in itself. 
Historically (through the twentieth century) electricity was generated mainly from 
burning coal. This was the case on a global basis but it was particularly the 
case in the UK where abundant domestic supplies of coal were produced. Part 
3 of the IPCC Fifth Assessment Report assessed climate change mitigation 
measures and included the following statement concerning electricity 
generation: 
“Electricity production is the largest single sector emitting fossil fuel CO2 
at present and in baseline scenarios of the future. A variety of mitigation 
options exist in the electricity sector, including renewables (wind, solar 
energy, biomass, hydro, geothermal), nuclear, and the possibility of fossil 
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or biomass with CCS. The electricity sector plays a major role in 
mitigation scenarios with deep cuts of GHG emissions.” (IPCC, 2014) 
The use of renewable energy as a means of “decarbonising” electricity 
generation has been regarded as a key GHG reduction strategy for many of the 
governments which have signed up to the various UNFCCC agreements. Since 
unilateral action by individual states on energy matters is tempered by the 
pressures to maintain economic advantage through low energy prices, 
internationally agreed legislation has been important in implementing these 
strategies. One significant commitment in this regard has been the agreement 
by European Union (EU) member states to enforce renewable energy strategies 
through legislation. The resulting EU renewable energy directive 2009/28/EC 
(EU, 2009) “on the promotion of the use of energy from renewable sources” set 
a target for 20% of energy consumed in the EU by 2020 to be from renewable 
sources. The individual targets set for each member state were weighted 
depending on existing energy dependencies and other economic factors.  
1.2.2 UK renewable energy targets 
The EU renewable energy target agreed by the United Kingdom of Great Britain 
and Northern Ireland (UK) was to achieve 15% of final consumption of energy 
from renewable sources by 2020. This was embodied in the National 
Renewable Energy Action Plan for the United Kingdom. The aims, if not the 
means, of reducing greenhouse gas emissions had already been set out in the 
Climate Change Act (UK_Government, 2008) which set a target for an 80% 
reduction on 1990 levels in net CO2 and equivalent greenhouse gas emissions 
by 2050. Accompanying this legislation, specific policy targets (DTI, 2006) 
called for an increase in the proportion of electricity generated from renewable 
sources with a target of 20% by 2020. 
Support and incentives for renewable power generation were already in place 
since 2002 in the form of the renewable obligation scheme and this continued 
as a key mechanism for implementing the EU renewable energy target.  
By 2012, the UK Government produced the “UK Bioenergy Strategy” (DECC, 
2012) which was developed as a cross-departmental guide to policy 
development. In this document, the principle of the conversion of existing large-
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scale coal-fired power stations to biomass was presented as a key in the 
transition away from coal up to 2030. The document states:  
“use of sustainable biomass as a transitional fuel to reduce carbon 
emissions from current coal power generation is an important 
decarbonisation pathway.” (DECC, 2012) 
However, there was not any longer-term support for new large-scale biomass 
power generation past 2030 unless accompanied by carbon capture and 
sequestration (CCS).  Nevertheless, the incentives for biomass conversion 
continue as part of the “Electricity Markets Reform” (DECC, 2013) introduced in 
the 2013 Energy Act. The reforms include discontinuation of the renewable 
obligation scheme and introduction of contracts-for-difference (CfD) for low-
carbon, large-scale generation projects. The CfD strike prices set for biomass 
conversion and dedicated CHP biomass were £105/MWh  and £125/MWh 
respectively. For comparison, the strike price offered offshore wind was 
£155/MWh and the price agreed for Hinkley Point C Nuclear power station was 
£92.50/MWh 
In addition to the GHG reduction plans, other legislation (UK_Government, 
2007)  concerning limitations on emissions of nitrogen oxides (NOx) and 
sulphur dioxide had been introduced in 2007 as a result of the EU large 
combustion plant directive 2001/80/EC (EU, 2001). These regulations placed 
direct pressure on large coal-fired power stations to take action to reduce 
nitrogen oxides (NOx) and sulphur dioxide (SO2) emissions beyond 2015 or 
cease operation. A combination of the incentives from the renewable obligation 
scheme and the constraints of the large combustion plant regulations led many  
power station operators in the UK to introduce co-firing of biomass with coal. 
The displacement of high sulphur and nitrogen coal with biomass was one 
means of controlling emissions to within limits. 
Overall, UK energy policy appears to be supportive of biomass combustion for 
electricity generation. However, confidence in the long-term reliability of UK 
government support in this area is likely to have been undermined by direction 
changes and lack of clarity in renewable energy policy. For example, in 2014 
tacit support for conversion of one of the units at Drax to 100% biomass in the 
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form of a contract-for-difference failed to materialise and led to a legal challenge 
– which Drax subsequently lost (The_Guardian, 2014). 
1.2.3 Biomass as a renewable energy resource 
In the context of legislation and regulations in the UK and EU, biomass energy 
is classed as a renewable resource and a means towards “decarbonising” 
energy consumption.  However, unlike other renewable resources such as wind, 
solar and hydro, biomass combustion does emit carbon dioxide to the 
atmosphere. The reason it is classed alongside other renewables is that, on a 
certain timescale, it is considered as being virtually “carbon neutral”. That is, the 
total quantity of carbon released as CO2 upon combustion is balanced in the 
natural carbon cycle (Priestley, 1777) by conversion by photosynthesis from 
CO2 back into biomass.  
The validity of the “carbon neutral” assumption depends on the harvested 
biomass being replaced by a new growth on an on-going basis. The time scale 
over which the carbon released as CO2 is returned to biomass depends mainly 
on the harvest rotation period of the crop or forest.  Certain “energy crops”, 
once established may have annual harvests, short rotation coppice may have a 
period of 3-5 years, short rotation forestry up to 20 years and traditional forestry 
from 50 to 100 years. Further to this, as with other renewable energy 
technologies, there are associated energy inputs for implementing the 
technology. For biomass there are energy expenditures for cultivation, 
harvesting, processing and transportation. Additional indirect greenhouse gas 
emissions may result in the use of nitrogen fertiliser which not only uses energy 
to produce but can also contribute to increased N2O emissions, a significant 
greenhouse gas itself.  
Since the “carbon neutrality” of biomass has been hailed as one of its main 
benefits as an energy source, this has led to the validity of the premise being 
questioned (Zanchi et al., 2012, Bracmort, 2013). The CO2 emissions benefits 
depend on many factors, not least the type of biomass under consideration. In 
order to adequately address the issue of the carbon-cycle balances of biomass 
energy, one approach has been to undertake life-cycle assessments which 
account, as far as practical, for all the inputs and outputs in a given bioenergy 
system (Adams et al., 2013). 
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In an overview of the carbon emissions benefits of biomass, Zanchi et al. 
(Zanchi et al., 2012) examined the balance of total forest carbon stock including 
tree biomass, litter and soil organic matter for three harvesting scenarios and 
compared this against a fossil fuel reference scenario. The effectiveness of a 
bioenergy system in reducing CO2 emissions compared to the replaced fossil 
fuel system is used to evaluate the carbon-neutrality of the system with different 
production scenarios. Whereas new forest plantation gives an initial credit to the 
carbon balance, Zanchi et al. suggest that additional fellings from existing 
managed forest may take over 200 years to achieve carbon neutrality. 
However, the claim that timescales are too long to meaningfully achieve 
atmospheric carbon reductions can be misleading. The claim may be valid if a 
single harvest area is considered in isolation but if an established managed 
forest is considered, the reduction in carbon stock during harvesting is minor in 
relation to the whole. A sustainably managed forest can maintain a significant 
carbon stock while providing an annual harvest of biomass for timber, paper 
and/or energy use (Matthews et al., 2012).  
It is necessary then that claims of carbon neutrality and classification of 
bioenergy as renewable should be qualified with an account of the long-term 
sustainability of feedstocks and the life-cycle timescales for the replacement 
biomass to re-absorb to CO2 emissions released during production and 
consumption.  
The “UK Bioenergy Strategy” report  (DECC, 2012), addresses the issue of 
forest management by referring to The UK Forestry Standard 
(Forestry_Commission, 2011) and government procurement policy. Although 
this does not address directly how private power generation companies will 
source biomass on the open market, an agreed strategy for sourcing wood 
pellets has been developed by a joint initiative of major European power 
companies including Eon, Drax, RWe, GDF Suez, Dong, Vattenfall and 
Eggborough (IWPB, 2012b) .   
The use of energy crops and agricultural by-products also raises concerns over 
land-use change and displacement of food production either direct or indirect. 
Overall, the technical, economic and environmental considerations with regards 
energy crops are more complex compared to existing managed sustainable 
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forestry. Assessment of the likely impacts of new energy crops and forestry are 
highly dependent on specific situations so can only be undertaken meaningfully 
on a case by case basis. 
Life cycle assessments (LCA) of energy crops and forestry can give an 
indication of the overall environmental impact of cultivation, processing and 
transportation of solid biomass fuels. There is much variation in reported 
greenhouse gas impacts of biomass fuel production from published LCA 
calculations. As noted in a report by the UK Supergen Bioenergy Hub (Adams 
et al., 2013), the main reasons for these variations are: (i) Variations in the 
cultivation practices and production methods for similar types of crops; (ii) 
Uncertainties from insufficient knowledge of greenhouse gas impacts from 
certain processes such as N2O emissions from cultivated soils; (iii) 
Methodological variations such as differing system boundary definitions. 
A published example LCA for Miscanthus, willow, wheat straw and rape straw 
(Borzecka-Walker et al., 2011) suggests that energy for production of these 
crops is in the order of 3% to 18% of the energy value of the crop. The IPCC 
Special Report on Renewable Energy Sources (IPCC, 2012) presents data on 
life-cycle emissions for biomass fuels in the order of 0.05 tonnes of CO2 
equivalent per GJ(e). When compared to coal, at around 0.4 tonnes per GJ(e), 
the equivalent CO2 “saving” is in the order of 0.35 tonnes per GJ(e). Other 
analyses (Cherubini et al., 2009) present figures for the equivalent CO2 “saved” 
by use of biomass crops when compared to electricity production from coal in 
the order of 0.11 tonnes per GJ(e). The uncertainty in such LCA calculations 
has been highlighted in analyses by Röder et al. (Röder et al., 2015) wherein 
the CO2 equivalent determined for wood pellet delivered to power stations 
ranges from 0.04 to 0.37 tonnes per GJ(e). The former of these figures is 
consistent with the analyses cited above but the latter figure indicates that, in 
some cases, the CO2 emissions saving is marginal. A UK Government report 
(Stephenson and Mackay, 2014) to assess the potential greenhouse gas 
impacts from the use of imported wood pellet from the USA gives similar 
figures, concluding that a figure of 0.055 tonnes per GJ(e) may be possible with 
respect to the UK demand by 2020. 
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Forecasting the carbon neutrality of forestry for bioenergy systems is clearly not 
straightforward and assessing the net avoidance in atmospheric CO2 emissions 
will probably only be meaningful in retrospect.  Despite this, in accounting for 
the carbon footprint of bioenergy, various UK and European guidance and 
regulations make the “carbon neutral” assumption.  This assumption continues 
to be challenged (Johnson, 2009, Haberl et al., 2012) and a more accurate 
means of calculating emissions, carbon–stock changes and effects of land use 
change continue to be necessary to avoid accusations of being “dirtier than 
coal” (RSPB et al., 2013). 
1.3 Power generation from Biomass 
1.3.1 Biomass for power generation globally 
The global energy consumption of biomass for electricity generation by 2012 
was approximately 4EJ/y (EIA, 2015). Comparison of this with estimated 
forestry biomass production (25EJ/y) and estimated overall biomass 
consumption (55EJ/y) indicates that current levels of biomass power generation 
are small relative to the overall consumption and the resource. An inference of 
this numerical comparison is that a modest increase in biomass power 
generation from current levels is quite feasible without being disruptive to 
existing markets and production methods. However, if the aim is to displace a 
significant proportion of existing fossil fuel power generation (149EJ/y) and 
provide new power generation by 2050 considerable additional resources would 
be required. Exploitation of additional biomass resources on this scale are likely 
to have strong effects on markets and production methods and it would be 
important to anticipate this and manage changes effectively to avoid detrimental 
environmental effects and economic reactions. 
An examination of the trends in biomass power generation over the past decade 
or so can give some indication of possible future deployment of biomass power 
generation. Figure 1-1 shows the data for power generation output (in TWh) 
from biomass and wastes between 2000 and 2012 for the top 5 world 
economies and the world total (EIA, 2015). The data shows that there was a 
steady rate of growth globally from 2000 to 2010. This growth appears to result 
mainly from the trend in European countries. The global growth rate since 2010 
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has accelerated even though the European trend seems to have stalled since 
the increased growth in countries such as China and Brazil has contributed to 
the global trend. The global trend over the past decade, has averaged growth of 
about 20TWh per year. A simple linear extrapolation of this trend to 2050 would 
lead to over 1100TWh of generation requiring around 11EJ of primary energy 
from biomass. The World Energy Council (WEC) projections for electricity 
generation (WEC, 2013) suggest that 2500-2800 TWh could be possible by 
2050 requiring 25-28EJ of primary energy from biomass. This is not 
insubstantial – and could contribute around 5% of the total world electricity 
demand by 2050 (WEC, 2013). It is feasible that power generation from 
biomass can make a contribution to the displacement of fossil fuels in the next 
decades albeit alongside other renewable energy sources and nuclear power. 
 
Figure 1-1 – growth in biomass electricity generation globally and  in main 
global economies 
Source data: (EIA, 2015) 
1.3.2 Biomass for power generation in the UK 
By 2012, the United Kingdom was the sixth largest generator of electricity from 
biomass with just over 14TWh generated equivalent to about 0.15EJ of primary 
energy (Table 1-1). However, this was set to increase rapidly up to 27TWh by 
2015 – equivalent to 0.32EJ of primary energy (DECC, 2015). This increase 
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was almost entirely as result of the full conversion to biomass firing of two 
660MWe units at Drax power station in North Yorkshire. 










United States 71.4 0.73 17.5 
China 44.7 0.46 11.0 
Germany 44.6 0.46 11.0 
Brazil 35.2 0.36 8.6 
Japan 33.2 0.34 8.2 
United Kingdom 14.2 0.15 3.5 
Italy 12.5 0.13 3.1 
Sweden 11.6 0.12 2.8 
Finland 11.0 0.11 2.7 
Poland 10.1 0.10 2.5 
rest of world 95.5 0.98 23.5 
TOTAL 384 3.95 94.3 
Source: (EIA, 2015) Note: primary energy to electricity generation 0.35 conversion factor  
 
1.3.2.1 The role of Biomass in UK electricity sector 
As previously discussed in 1.2.2 the targets for CO2 reduction set out in UK 
legislation include an increase in the proportion of electricity generated from 
renewable sources with a target of 20% by 2020. 
To put this target in context, the proportion of electricity generated by fuel type 
in the UK is shown in Figure 1-2. This shows that the proportion of electricity 
generation from renewable energy sources did steadily increase over the period 
from 2004 to 2014 reaching around 14% by 2014. This appears to be on course 
to reach the 2020 target. Beyond 2020, controls on CO2 emissions in line with 
the 2050 target of 80% reductions on the 1990 levels will require ongoing 




Figure 1-2 - Percentage shares of fuel for electricity generation in UK, 2004 to 
2014 
Source data:(DECC, 2015) 
 
In seeking to move away from dependence on fossil fuels (or “decarbonising”), 
there are a number of alternative energy resources available for electricity 
generation which are classed as renewable by UK government: hydro; solar; 
wind; bio-energy. Added to these, conventional nuclear power generation is 
classed as a low-carbon power source although not a renewable one. 
Hydroelectricity contributed about around 4.4TWh to UK electricity production 
which accounted for almost all renewable production in 1990.  While 
hydroelectric generation has not changed much in the meantime, all the other 
renewable energy technologies have grown considerably since 2000. By 2014, 
total renewable electricity production was over 60TWh or 14% of total UK 
electricity supplied (DECC, 2015). Wind power accounts for over half of the 
increase but most of the rest has been from bioenergy sources (9% of UK total 
in 2014). A time history of this development is illustrated in Figure 1-3. 
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Figure 1-3 - Energy generated from renewable sources in the UK. 
Source data:(DECC, 2015) 
Recent policy towards the use of biomass for electricity generation is set out in 
the 2012 cross-departmental “UK Bioenergy Strategy” report  (DECC, 2012). 
Biomass is identified as an important means to:  
“deliver genuine carbon reductions that help meet UK carbon emissions 
objectives to 2050 and beyond” and “use of wood and energy crops for 
bioenergy is a good carbon reduction option compared to alternative 
uses of the resource in certain circumstances”.  (DECC, 2012) 
There is also recognition of the wider question of sustainability of biomass 
production and impacts on land use change and food production. The report 
agrees with the recommendation from the Committee on Climate Change 
(CCC) that: 
 “Support for biomass power generation ... should be focused on co-firing 
and conversion of existing coal power plants. Any support for new 
dedicated biomass generation should be limited to small-scale … new 
large-scale dedicated biomass should be limited to a very small number 
of projects”.   
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The current  strategy is therefore that biomass in large scale electricity 
generation in the UK is likely to be as “transitional”  technology. 
However, there is another significant advantage in the use of so-called 
‘conventional’ thermal power stations. Wind and solar power generation are 
temporally de-coupled from the electrical energy demand. As more of these 
sources are introduced onto the electricity grid, there is still a need to maintain 
adequate demand-side controlled and rapidly despatched power to account for 
variations in the availability of those sources. Conventional thermal power 
stations are able to fulfil this role. Full ‘decarbonisation’ of the UK electricity 
sector may be achievable if this conventional power generation were to be 
fuelled by biomass. 
1.3.2.2 Biomass Electricity Generation Capacity and Production in UK 
In the UK statistics (DECC, 2015), electricity from bioenergy accounted for over 
15TWh or 4.4% of total electricity supply in 2012. However, the classification 
“bioenergy” encompasses a number of differing technologies including 
generation from landfill gas. The use of non-waste plant biomass in electricity 
generation has grown more from less than 0.5 TWh in 2000 to 5.9 TWh in 2012. 
Since 2010, biomass co-fired with coal has accounted for about 2 TWh per year 
with dedicated plant biomass increasing rapidly to account for 4TWh in 2012.  
To put this in some perspective, statistics issued by the US Dept. of Energy 
(EIA, 2014)  indicates that around 40 TWh of electricity was produced from 
wood biomass and 20TWh from waste biomass in the USA in 2013. The total 
electricity production in the period was 4058 TWh.  Biomass therefore accounts 
for only about 1.5% of the electricity production in the USA. 
The electricity generating capacity from solid biomass (i.e. not including landfill 
gas power stations) in the UK in early 2014 was around 1.1GW. More than half 
of this capacity was a result of the first stage conversion of Drax power station. 
The remainder of the capacity was from co-firing in other coal fired power 
stations (~ 90MW) and smaller dedicated combined heat and power (CHP) 
plants ranging from 2MW to 50MW. Of this, 75MW capacity was from plant 
burning poultry litter and 55MW from plant using industrial wastes (paper and 
food). Most of the capacity is from plant burning woody biomass 
(Biomass_Enery_Centre, 2014).  
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Biomass combustion for electricity power generation has therefore been a 
significant contributor towards reaching the UK’s targets for decarbonisation of 
electricity generation. The technology is likely to remain key in the strategy for 
achieving the Climate Change Act targets for 2050. 
The current contribution of bioenergy to power generation is admittedly small. 
Nevertheless, the forecast is that at least 8% of UK primary energy can be from 
bioenergy use by 2020 and up to 12% by 2050. Of this, the power generation 
target for biomass by 2020 is between 20 and 40 TWh. Electricity generation 
from co-firing and conversion of large scale plant is projected to exceed 
20TWh/yr by 2020 - in addition to energy from waste and landfill ((DECC, 
2012)fig.8 p.44). Beyond 2020, the use of biomass for electricity is expected to 
fall as the technologies for other energy users become a priority – In particular, 
the issue of providing alternative fuels for the transport sector is considered to 
become more dominant.  
1.4 Solid Biomass Fuels  
1.4.1 Types of solid biomass fuel 
 “Biomass” as a generic class of material covers an enormous variety of 
substances derived from living/ recently living organisms. Although some 
smaller scale combustion applications use animal wastes and sewage sludge 
as fuel, by far the largest energy resource globally is plant-based biomass. In 
large scale combustion applications, the range of materials used as fuels is 
somewhat narrower and is mainly ligno-cellulosic solids, principally wood and 
large herbaceous plants. 
There are many existing and potential biomass fuel feedstocks from dedicated 
crops grown primarily as a fuel source through to waste materials and by-
products of forestry and agriculture. Many of these are identified and discussed 
in published reports assessing biomass fuel resources (Gaur and Reed, 1995, 
Thornley et al., 2008). 
In identifying and assessing biomass fuel resources it is helpful to sub-divide 
the types of fuels into categories defined by either origin or properties.  With 
regards specifically to solid biofuels, an assessment of the trade in the different 
feedstocks is possible by considering certain trade categories for which 
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statistics are published by either the World Trade Organisation or the European 
Union (Lamers et al., 2012). Trade categories include: agricultural residues; 
industrial residues; forestry products. The European (CEN) Standard for solid 
biofuels - fuel specifications and classes (Standard, 2010) sets out a more 
detailed hierarchical categorisation for solid biofuels based on the biological 
origin with the high-level categories being: woody biomass; herbaceous 
biomass; fruit biomass. 
1.4.1.1 Woody biomass 
Woody biomass is that which is obtained from trees, bushes and shrubs. 
Production for fuel use can be from dedicated forestry or coppicing but it is also 
available from by-products as residues from commercial timber production and 
from waste as used-wood from construction and demolition.  
Forestry 
Traditional forestry for the production of wood for construction, furniture 
products, paper and other non-fuel uses is a well-established and very large 
scale global industry. Sustainably managed forests remove no more biomass in 
a harvest than the mass which will be replenished in growth in the time-scale of 
subsequent harvests.  The tree species grown in sustainably managed forests 
are often fast growing softwoods such as pine, larch, spruce and fir. The time 
scales for regeneration of conventional forestry depends on many factors 
including climate, species and soil. A forestry harvesting cycle  may be as short 
as 40 years but can range up to 150 years. Much shorter timescales than this 
are possible. Short rotation forestry (SRF) rotation cycles are typically 8-20 
years.  Tree species suited to SRF include alder, ash, birch, sycamore, poplar, 
eucalyptus and southern beech. For most tree species, the yields are generally 
around ~5-8 dry tonnes per hectare per year. Eucalyptus SRF can deliver 
typically 15 and even up to 30 dry tonnes per hectare per year. For this reason, 
eucalyptus is already widely grown in SRF for the purposes of paper production. 
Depending on completion for existing markets, it is therefore a likely source of 
fuel for power generation. (Thornley et al., 2008) 
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Short Rotation Coppice 
Coppicing is a well-established, indeed ancient, means of woodland 
management whereby some tree species are cut back to the root stock and 
allowed to regrow in a repeating cycle ranging from a few years to several 
decades.  Short-rotation coppice (SRC) generally refers to coppice cycles of 
five years or less and, naturally, requires fast-growing high-yield species. 
Suitable species include willow (Salix spp.) and poplar (Populus spp.). The 
practice of short rotation coppicing is specific to larger scale energy crops and 
as such would be a likely feedstock for power generation plant. SRC can yield 
approximately 10 dry tonnes per hectare per year (Thornley et al., 2008). 
However, the production of SRC requires use of agricultural land and is 
therefore in direct competition with farming for food production. Furthermore, 
SRC requires application of fertilisers which have an energy cost and 
environmental impact. (Keoleian and Volk, 2005). 
Waste wood 
Waste wood arises from various activities including the construction and 
demolition industries, commercial packaging, furniture manufacture and 
municipal solid wastes. Waste wood is of variable quality and is categorised 
accordingly (Standard, 2012). The cleaner, uncontaminated wood is generally 
recycled either as particle-board or as animal bedding. The lower grade waste 
is available as a fuel feedstock although some treated woods are classed as 
hazardous waste and must be disposed at special facilities.  
1.4.1.2 Herbaceous Biomass 
Herbaceous biomass it that which is obtained from plants that have a non-
woody stem. This includes by-products from agricultural food crops and certain 
species of grass which are grown as dedicated energy crops.  
Miscanthus and other giant grasses 
Miscanthus [Miscanthus giganteus] is a hybrid perennial grass which can be 
grown in Europe and North America. It is propagated from rhizome (the hybrid 
seed is sterile) and grows up to 3.5m high. Crops can take at least 3 years to 
become established with yields from 10 to 25 dry tonnes per hectare per year or 
even higher depending on irrigation and climate (Lewandowski et al., 2000).  
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Switchgrass [Panicum virgatum] is a native species of the North American 
prairies often cultivated there for animal feed. Although it can take up to 3 years 
to establish from seed, thereafter, it grows up to 2.5m high annually and can 
yield up to 15 dry tonnes per hectare per year (McLaughlin and Adams Kszos, 
2005). 
Reed Canary Grass [Phalaris arundinacea] is a European native species which 
grows in wet habitats. It can be propagated from seed and can grow to about 
2m high.  Yields may be as low as 6-7 dry tonnes per hectare per year but the 
crops may be grown on marginal agricultural land (Kukk et al., 2011). 
Agricultural Straws 
Straw is a by-product from cereal crops (e.g. wheat, barley or oats) or from oil-
seed crops (e.g. rape or linseed). There are other markets for straw (e.g. 
traditional animal bedding) and it is generally traded in bale form of varying 
sizes. Yields are roughly between 3 and 4 dry tonnes per hectare although 
since it is a by-product, the economics of production are dominated by the 
primary use of the crop.  
Sugar Cane Bagasse  
Sugar cane [saccharum officinarum x saccharum spontaneum]  is a hybrid 
grass cultivated for its very high sucrose content. The largest production of 
sugar cane in the world is in Brazil where much of it is used for production of 
ethanol as transport fuel. The fibrous ligno-cellulosic residue left over from 
milling and cane-juice extraction is called bagasse. In most sugar cane mills, 
the bagasse is used as fuel to raise steam and power for the sugar processing. 
Some varieties of sugar cane have very high yields of bagasse and are known 
as “energy cane”. Energy cane can yield over 60 dry tonnes per hectare per 
year leading to the possibility of its use primarily as an energy crop (Matsuoka 
et al., 2014). 
1.4.1.3 Fruit Biomass 
Fruit biomass is that which is obtained from the parts of a plant which are from 
or hold seeds including nut shells. Since virtually all fruit production is for food 
use, it is only the non-consumable residues which are available as fuel 
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feedstocks. Many of these have little potential for alternative use so are 
economically attractive as fuel.  
Olive residues 
Olive residue is the waste left over from the production of olive oil. After the 
olive fruits have been pressed, the stones and fibre can be formed into a cake 
or pellet. Around 10-12 million tonnes of olives are harvested each year in the 
EU resulting in around 2 million tonnes of olive residue (EUROSTAT, 2015).  
Other fruit and nut residues 
Palm kernels are a by-product of palm oil production which is derived from the 
fruit of the African oil palm Elaeis guineensis.  The residue fibre and shells are 
formed into a cake known as palm kernel expeller or PKE.  As a waste by-
product, it can be used as an animal feed but much of it is available as a low-
cost biomass fuel. Production is mainly in Malaysia and Indonesia. The shells of 
nuts such as peanuts, pistachio and cashew are also waste by-products which 
are used as biomass fuels.  
1.4.2 Biomass energy resources 
1.4.2.1 The global biomass energy potential 
Estimates of potential availability of biomass for energy to the year 2050 are 
highly variable. An assessment of the overall global bioenergy resource 
undertaken by Smeets et al. (Smeets et al., 2007) gives wide ranging estimates 
with a mid-range figure of 910 EJ/yr. Figures of this scale indicate the size of 
the possible resource but the practicalities and economics of exploiting it lead 
others to much more modest estimates. In a contrasting report, Haberl et al 
(Haberl et al., 2013) suggest 250EJ/yr to be a practical biophysical limit based 
on limitations in agriculture and sustainability. In accordance with this, an 
assessment which focuses on forestry being the main realistic large scale 
resource, Parikka (Parikka, 2004) makes an much lower estimate at 100EJ as 
the possible sustainable global biomass energy potential. The global potential of 
renewable energy sources assessed by De Vries et al. (deVries et al., 2007) 
takes into account economic factors and gives an estimate of 212EJ/yr for 
biofuel production by 2050. This is similar to the International Energy Agency 
(IEA) 2009 report on bioenergy (IEA, 2009) which suggests that a supply of 
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between 200 and 500 EJ/yr by 2050 could be possible. An extensive review of 
many more published estimates including some of those mentioned above are 
presented in a UK Energy Research Centre report (Slade et al., 2011). The mid-
range values derived from the macro-analysis give upper and lower estimates 
of 100 to 600 EJ/yr respectively with an average estimate at 300 EJ/yr. A 
summary of the estimates is presented in Table 1-2. 
Table 1-2 - Biomass energy potential availability by 2050 
Reference Forecast biomass energy 
potential 2050 [EJ] 
(Smeets et al., 2007) 350-1471 
(Haberl et al., 2013) 250 
(Parikka, 2004)  100 
(deVries et al., 2007) 212 
(IEA, 2009) 200-500 
(Slade et al., 2011)  100-600 
 
1.4.2.2 Current global biomass energy resources 
Woody biomass from forestry is currently the largest practically and 
commercially obtainable resource for solid fuel supplies. An estimate of its 
availability may be made with reference to the United Nations Food and 
Agriculture Organisation (FAO) statistical databases on wood production and 
forestry resources which are available online (FAOSTAT, 2015).  The 
production data for globally traded biomass materials from forestry include 
figures for industrial roundwood, fuel wood, wood chips and wood residues.  
Fuel wood, wood chips and wood residues can be considered as available for  
energy use but only a fraction of the industrial roundwood can be considered. 
The premium wood (i.e. the large-diameter roundwood) from such production 
has high market value and is more likely to be traded for non-fuel use. However, 
there is a significant amount of residue wood left from the extraction of the 
premium wood, This includes the smaller diameter branches and bark in the 
forest and the trimmings and sawdust at the primary mills. According to a study 
by Parikka (Parikka, 2004) around 70% of the total global wood harvest  is 
available for energy use. Taking this into account, the FAO wood production 
data can be used to estimate the potential energy value. Using a conversion 
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factor of ~19GJ/dry tonne (Lamers et al. 2012), the resulting estimates for 
biomass energy from forestry since 2000 are presented in Figure 1-4 which 
shows little variation around an average of around 25 EJ per year.  
Since most other biomass fuels are not traded in the same way as forestry 
products (or indeed, as oil, gas and coal) statistics on production are not readily 
available and inference from related agricultural statistics and other sources has 
to be used to draw estimates. Using such methods, an analysis by Haberl et al. 
(Haberl et al., 2013) states an estimated rate of consumption of 55EJ of 
bioenergy per year for 2012-2013. 
Comparing this figure with the estimated potential resources in Table 1-2 
suggests that overall production in forestry and energy crops would need to at 
least double by 2050 to realise even the lowest of the estimates (+100EJ).  This 
would likely require considerable and rapid increases in forestry, primarily, but 
also changes in and expansion of agricultural land use for energy crops. 
 
 Figure 1-4 - Biomass energy available from world production of forestry 2000 
to 2014  
Source:(FAOSTAT, 2015) 
1.4.2.3 Current global bioenergy consumption 
To put these figures in perspective: world fossil fuel consumption from 2012 to 
2014 was around 465 EJ (BP, 2015). Clearly there is potential for biomass to 
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displace a significant proportion of fossil fuel energy consumption even at the 
lower end of the estimates.  
Almost a third of global fossil fuel consumption (146EJ) is attributed to the 
transportation sector which is still almost entirely dependent on liquid petroleum 
products. The development of liquid biofuels to displace the liquid fossil fuels is 
therefore a priority for many countries in the context of bioenergy research. In 
the USA, Brazil and Europe there is currently significant production of biofuels 
for transport use. In 2013, world production of liquid biofuels amounted to 
around 2.5EJ energy equivalent (EIA, 2015): between 1 and 2% of world liquid 
fossil fuel production. 
Global electricity generation in 2012 was over 21,000 TWh (EIA, 2015) and of 
this, about 14,500 TWh were generated from fossil fuels and only 384TWh were 
generated from biomass (including wastes).  An estimate of the primary energy 
input for electricity generation can be made assuming a conversion efficiency of 
around 0.35 (similar to that of a typical coal power station). The total fossil fuel 
consumption on this basis for 2012 is estimated at 149 EJ. This is almost a third 
of the total fossil fuel consumption – a similar proportion to that of the 
transportation sector. In the case of electricity generation, the dominant fossil 
fuel input globally is coal. Displacing fossil fuels from power generation may be 
achieved in many ways including expansion of the deployment of wind, solar, 
hydroelectric and nuclear generation. However, solid fuel fired thermal 
generation plant such as existing coal power stations remain an effective means 
of providing large-scale (>500MW) and controllable power.  A relatively straight 
forward means of exploiting bioenergy resources and displacing fossil fuels is 
the use solid biomass for “conventional”  power generation. The world electricity 
generation from biomass and wastes in 2012 was 384 TWh accounting for 4 EJ 
of primary energy input (EIA, 2015).  
In sectors other than transportation and power generation, the main use of 
biomass is for domestic and commercial heating. Taking the estimate of total 
bioenergy consumption of 55EJ per year by Haberl et al. and accounting for 
biofuel in transportation (2.5EJ) and biomass for power generation (4EJ), the 
remainder of 48.5EJ gives an indication of the scale of consumption for heating 
(although some of this will be energy use in industrial processes). 
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1.4.2.4 UK biomass supply 
The analysis of energy production and consumption on a global scale has given 
some perspective on the potential of biomass power generation for displacing 
fossil fuels. However, simple comparison of figures masks many practicalities of 
economics and logistics. Since more detailed figures are available for the UK, a 
view of the situation regarding biomass resources on an individual country basis 
is possible and provides a different perspective. 
Domestic production 
SRC willow production in the UK in 2010 was around 16 thousand tonnes but 
this dropped to only 7 thousand tonnes by 2014. Miscanthus production in 2010 
was at about 24 thousand tonnes and this level has remained steady through to 
2014 (DEFRA, 2015). In energy terms, this represents an average production of 
about 0.5PJ per year from UK energy crops. 
In the same period, over 4 million tonnes of waste wood arose per year of which 
about a quarter was available as biomass fuel (DEFRA, 2012) representing 
between 20 and 25PJ of energy per year. 
About 12 million tonnes of agricultural straws are produced in Great Britain 
annually (J Copeland, 2008) of which around 200 thousand tonnes (~3PJ) were 
used for power generation from 2010 to 2013 rising to about 440 thousand 
tonnes (~7PJ) in 2014. 
Wood pellet production in the UK grew steadily from 118 thousand tonnes 
(~2PJ) in 2009 to 354 thousand tonnes (~6PJ) in 2014: a three-fold increase 
over 5 years. 
Imports 
Before 2009, wood pellet imports to the UK were small enough not to be 
categorised as a separate wood product in published statistics. Since then there 
has been a large and rapid increase in imported wood pellet rising to over 4.1 
million tonnes (62 PJ) by 2014 (Forestry_Commission, 2016). As solid biomass 
fuel, this exceeds by far the combined domestic production as outlined above. 
The increase is almost entirely as a result of biomass co-firing and conversion 
at coal-fired power stations.  
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The statistics for UK domestic production and net imports of solid biomass fuels 
are presented in Figure 1-5. This illustrates clearly that domestic production 
became a smaller proportion of the total since 2013. While domestic production 
has risen, possibly in response to increased demand, it appears to be only 
making a slight difference compared to the large quantity of imported wood 
pellet. While this suggests that the UK is dependent on imports for biomass 
supply, it is worth putting this in the context of the existing situation regarding 
coal in the UK: in 2014, 85% of the UK coal supply was from imports. Imported 
solid biomass fuel is displacing imported solid fossil fuel.  
 
Figure 1-5 – Supply of solid biomass fuels in the UK 2009-2014. 
Sources: (Forestry_Commission, 2016, DEFRA, 2015, DEFRA, 2012, J 
Copeland, 2008) 
1.4.3 Processing biomass for solid fuel use 
1.4.3.1 Processing for transportation 
Bulk, raw biomass requires processing before it can be usefully used as fuel. At 
the very least the material must be converted to manageable particle sizes for 
transportation. Further particle size reduction is usually required before  
insertion into a burner/furnace.   
For processing of forestry residues and smaller wood, the material may be 
converted to wood chips in a cutting mill. This can be performed on site using a 
mobile wood chipper which then enables ease of transport off site.  
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Alternatively, for larger scale operations, the bulk wood may be transported to a 
processing plant for conversion. Wood for paper manufacture, for example, is 
transported as whole-stem roundwood and processing occurs at the paper mill 
to ensure production of clean uncontaminated chips. Horizontal feed disk 
chippers are typically used in such facilities which can process tree-length logs 
to produce chips in the 12-25mm size range with an energy consumption of 
between 25-50MJ/tonne. (Biermann, 1996).  
Rather than cutting using blades to breakdown biomass material, alternative 
means such as impact comminution can be used using hammer-mills. 
Comparison between the two methods (Spinelli et al.) suggests that, depending 
on feedstock type, cutting comminution requires on average 24% less energy 
per unit of product and produced better quality of wood chip product. 
For bulk transport in shipping and by rail, wood chips are not ideal. The size and 
geometry of the chips prevents good compaction in volume and leads to a low 
energy density of the load. Wood chips are also difficult to handle since they do 
not flow well in hoppers and chutes. It is more common that wood is milled to 
smaller particle sizes (a few millimetres) and then compressed into pellets by 
forcing through a die. The process of pelletisation raises the temperature of the 
biomass sufficiently to partially dry it.  The particles also bind together by the 
application of heat and pressure which partially decomposes some of the lignin 
in the material which then acts as an adhesive. Since there is significant 
processing of the raw wood to make the pellets, there is an energy requirement 
for production which can be up to 10% of the fuel energy of the pellet 
(UseWoodFuelScotland, 2014). 
Pellets flow better than wood chips and this allows the material to be handled in 
a similar manner to grains or aggregates. However, a drawback of wood pellets 
is that they are fragile and can produce quantities of dust as they are moved in 
handling. Wood pellets are also water absorbent and if exposed to rain, they will 
swell up and disintegrate. Transport solutions must therefore ensure that pellets 
are enclosed and protected from moisture.  Because of the added convenience 
for transportation, pelletisation is also applied to other non-woody biomass 
including straws and olive residues. 
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A major advantage of pelletisation is the increase in energy density that is 
achieved. The bulk density of wood pellets is around 650 kg/m3. For pellets with 
low moisture content and with a net calorific value of 17 MJ/kg, the energy 
density is 11GJ/m3. The bulk density of wood chips is around 250 kg/m3. Wood 
chips may have much higher moisture content and even with moisture content 
similar to pellets, the energy density is not likely to be much more than 4GJ/m3. 
The bulk density of baled straw or miscanthus is even lower at about 180 kg/m3 
and the moisture content of bales can be around 25% leading to energy 
densities as low as 2GJ/m3 (UK_Forest_Research, 2015). Since transport costs 
are more closely a function of volume, the cost of transporting wood chips or 
bales can be 2-3 times higher for the same energy value (EUBIA, 2009). 
In recognition that pellets are the preferred form in which to transport solid 
biomass fuels, there have been moves to standardise the products. European 
Standard EN 14961-1 includes a standard specification of properties for wood 
pellets. UK industry standards also exist such as the IWPB (Initiative Wood 
Pellets Buyers) wood pellet specifications (IWPB, 2012a).  
1.4.3.2 Pre-treatments 
Moisture content reduces the net calorific value of a fuel. Like many properties 
of biomass materials, moisture content is highly variable and depends on initial 
conditions of the harvested material, storage conditions and size of particles. 
Many feedstocks generally require some form of drying before being 
transported let alone being used as fuels.  Forestry wood, for example, usually 
spends a period of natural drying after felling to remove much of the moisture 
form the living wood. Energy crops and agricultural residues such as straw are 
also subjected to a certain degree of natural drying although this can be 
affected by adverse weather conditions.  
Further drying of the biomass can be achieved by use of sheltered storage of 
the chipped/cut product and use of either natural or forced air flow across or 
through the material. A higher degree of drying can be achieved by passing the 
product through an oven or furnace although this clearly has an energy cost. 
An extension of this process is to subject the biomass to a higher temperature 
in an inert atmosphere such that the material undergoes partial pyrolysis –i.e. 
not only is virtually all the moisture driven off, but some of the carbohydrate 
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content is broken down. Depending on the degree of pyrolysis, some low-
calorific-value volatile matter may be extracted in the gas phase leaving a fuel 
with higher fixed carbon content. Other heavier hydrocarbon products such as 
tars and oils give the product different physical properties including a reduced 
tendency to absorb and contain moisture.  This treatment process is known as 
torrefaction (Bridgeman et al., 2008) .  
Pelletisation also reduces the moisture content as a result of the heat and 
pressure applied to the material in the process. When pelletisation is combined 
with torrefaction, the products of pyrolysis can also act as adhesive to bind the 
biomass particles together producing a stronger pellet less prone to subsequent 
moisture absorption. In addition to the significant reduction in moisture content, 
the resulting product has a higher energy density (Bridgeman et al., 2008). 
Furthermore torrefied pellets are also more friable than raw biomass so the 
material can be milled to small and more consistent particle sizes with 
grindability more similar to coal (Bridgeman et al., 2010).   
A similar process which involves partial pyrolysis is “steam exploding” of wood 
(Lam, 2011).   This process involves “cooking” the wood in a pressure vessel 
such that the wood structure contains pressurised steam. If the pressure in the 
vessel is released suddenly, the force with which internal pockets of steam 
expand causes the cellulosic structure  to “explode”.  At the same time, partial 
pyrolysis of the lignin and other carbohydrates leads to production of heavy 
hydrocarbons. The resulting mixture is similar to a fibre-composite material with 
the exploded cellulose fibres forming a more homogeneous and less anisotropic 
structure held together by a hydrocarbon glue (Suzuki et al., 1998). The 
material is much more hydrophobic than simple torrefied pellets and can even 
withstand being stored without protection against rain. 
1.4.3.3 Biomass fuel storage 
The majority of the solid biomass fuel delivered to large power stations is in the 
form of pellets. To ensure continuity of supply to the boilers, it is necessary to 
keep a certain reserve of fuel in storage on site. This acts as a buffer to irregular 
delivery patterns and possible disruption to transport links. The quantity stored 
depends on, among various other business considerations,  logistical risks in 
the supply chain, operational requirements of the plant and  the technical 
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practicalities of bulk storage. For example, for a power station with an average 
continuous output of 500MW and a thermal efficiency of 38% , the thermal input  
requirement would be 1316MW. Assuming ideal combustion and a net calorific 
value of the fuel as 17MJ/kg, the fuel requirement for one hour of operation 
would be around 280 tonnes. The storage requirement for one week of 
operation would be almost 50,000 tonnes. Storage of such a large quantity of 
biomass pellets must address the issue of protection from moisture ingress and 
avoidance of self-ignition. 
Biomass pellets will swell and disintegrate if exposed to moisture and so must 
be protected from rain and other moisture ingress. Unlike coal, biomass pellets 
must therefore be stored under cover. For quantities in the order of 50,000 
tonnes a structure with a capacity of over 100,000 cubic metres may be 
required. A self-supporting concrete dome with a diameter of 50-60 meters 
would be a possible solution. The bulk storage of biomass leads to the 
phenomenon of self-heating whereby biological and chemical decomposition 
results in exothermic processes occurring inside the mass of material. Since the 
material is thermally insulating, the resulting heat dissipates poorly and the 
temperature of the biomass internal to the mass increases. This can lead to 
further thermal decomposition, release of volatile matter and, if unchecked, self-
ignition of the fuel. To counteract this problem, very large bulk storage may 
require the mass of pellets to be forcibly ventilated to remove heat. Since 
forcing air into a self-heated mass of material can stimulate more exothermic 
oxidation and increase the risk of self-ignition, it is necessary to use inert gas 
(nitrogen) for this purpose (Energy_Institute, 2016). 
1.4.3.4 Milling biomass fuels 
Pellets are the usual form in which solid biomass fuel is delivered to power 
generation plants. The dimensions of pellets can range from 5 – 12mm 
diameter and from 5 – 30 mm in length. In the pelletisation process, the 
constituent material of the pellet has usually been milled to a particle size much 
less than this. Wood pellets are typically made up of particles no larger than 
3mm long. Pellets can be broken down into their constituent particles in 
subsequent impact milling at the combustion plant. 
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In plant where biomass is co-fired with coal, mixing the pellets with the coal in 
the coal-pulverisation plant is possible. A common type of coal pulverisation mill 
is a rotating ball mill in which large (0.5-1.0m diameter) steel balls and raw fuel 
are churned in a rotating drum or ring. The coal is pulverised by impact 
(crushing) between the ball and drum/ring. When small amounts (e.g. 5%) of 
biomass are added, the material can be broken up in the same mill. However, 
since biomass is typically fibrous, soft and lacking friability, it behaves in a very 
different manner to coal and larger quantities of biomass are more suited to  
dedicated mills. 
If the original particle size distribution achieved in a cutting mill prior to making 
the pellets is suited to the combustion plant, the use of  impact mills the same 
as or adapted from coal mills may be adequate for producing a particle size 
distribution suitable for the boiler. However, if further reduction in the top particle 
size is necessary, such an approach may not be optimal. Reduction of  the top 
particle size by impact milling can be more energy intensive than cutting milling 
and may even be quite ineffective in mills designed for coal pulverisation. For 
milling these solid biomass fuels further, the use of a hammer-mill or cutting mill 
is more appropriate. Esteban and Carrasco (Esteban and Carrasco, 2006) 
evaluated the use of hammer-mills for grinding wood biomass with differing 
process strategies concluding that two-stage grinding (the larger fraction 
passing through the first stage being separated  and passed through a second 
stage) was most effective for achieving a consistent particle size distribution. 
Clearly, there is an energy requirement for milling whether this is in the 
pelletisation plant or the combustion plant. For the most efficient use of the fuel, 
this energy requirement should be minimised.  The energy input is related to the 
scale of the size reduction – i.e. the smaller the particle size required, the more 
energy the process will consume. The nature of the biomass material and the 
moisture content also play a role in the energy requirement.  
Temmerman et al. (Temmerman et al., 2013) made a study of the energy use 
for different biomass types which relates the particle size reduction and 
moisture content to energy requirement using an approximation based on the 
Von Rittinger  theory  of milling (Lynch and Rowland, 2005). The relation given 
by this study, converted to standard units, is: 
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𝑊1−2 is the energy per unit mass required to reduced particle size 
from 𝑥1 to 𝑥2 [J/kg] 
Ω  is a characteristic constant for the material 
𝑀  is the moisture fraction of the material  
𝑥1 is the initial particle size [m] 
𝑥2 is the ultimate particle size [m] 
 
Values of Ω for various woods are given as: Beech, 1840; Oak, 3074; Pine, 
3474; Spruce, 4266. For example, in order to reduce chipped pine with 15% 
moisture from 12mm size down to <1mm size, the energy requirement would be 
predicted as 478 MJ/tonne (133 kWh/tonne). 
Adding the energy required for chipping the harvested wood to 12mm size (50 
MJ/tonne) (Biermann, 1996) the total energy required for comminution to 
pulverized fuel is around 530 MJ/tonne. For a net calorific value of  the fuel at 
around 17MJ/kg, the process of size reduction represents about 3% of the 
energy value of the fuel. 
The pulverised fuel in the mill is extracted by an air stream (the primary air flow) 
through the mill which entrains the smaller particles and carries them in 
ducting/pipe to the combustion chamber. Only the particles under certain size 
and mass limits are extracted in this way. Larger particles are retained by 
gravity and further separation by screening on the outlet of the mill. Although 
the particles are then limited by a “top size” , the particle size distribution of the 
pulverized fuel can remain wide with the smallest fraction being fine dust 
(<50m).  
The challenge of achieving a consistent and uniform particle size distribution is 
one of the aspects of controlling effective and efficient combustion in boilers.  
  
30 
1.5 Large Scale Combustion Plant for Electricity Generation 
1.5.1 Large scale generation plant 
The technology employed for electricity generation from biomass varies 
depending on the physical scale of the plant and access and logistics of delivery 
of the fuel. An IEA report on bioenergy (IEA, 2009) presents a comparison of 
the capital costs and production costs of the various technologies. The principal 
power conversion technologies presented are: 
a) Dedicated combustion of biomass in conventional thermal plant 
b) Co-firing of biomass in existing coal-fired conventional thermal plant 
c) Biomass integrated gasification (BIG) to fuel a combined cycle gas-
turbine 
d) Anaerobic digestion (AD) to produce methane for the operation of an 
internal combustion engine (the technology most widely used in landfill 
gas power stations) 
The latter technology is restricted to small scale power generation. The larger 
AD installations in the UK are rated for peak output of no more than 3MWe. 
Gasification plant are generally larger, but few exceed 50MWe and the largest 
in the world (in 2015), in Vaasa Finland, has a peak output of 140MWe. 
Biomass-fuelled power generation plant with power output capacities greater 
than this generally employ solid fuel combustion to raise steam to drive turbines 
– so called conventional thermal power. The design of these types of plant are 
based on coal-fired technology or are actually coal-fired plant that have been 
converted or adapted. The typical capacity of this type of power station is 
between 1 to 4 GWe.  
Many such plant in The Netherlands, Sweden, Finland and the UK have co-fired 
biomass with coal for many years since this is a simple and low risk means of 
using biomass fuel in existing operational coal plant without the need for major 
re-design of components or infrastructure investment. There are broadly two 
principal types of boiler designs in modern large scale solid fuel power stations: 
fluidised bed (FB) and pulverised fuel (PF). The proliferation of the two types is 
different from country to country. In the UK, most of the large scale power 
stations built in the 1960s and 70s by the Central Electricity Generating Board 
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(CEGB) are PF type. In other parts of Europe including Scandinavia, Belgium 
and The Netherlands, fluidised bed technologies are more common (EUBIA, 
2015). 
1.5.2 Pulverised fuel boilers 
Since the current development of biomass combustion for large scale power 
generation in the UK has been based on co-firing or conversion of existing coal 
plant, it has been by default that pulverised fuel plant is the principal technology 
currently in operation for biomass power generation. This is the context for 
much of the remainder of this study, so it is useful to present here an overview 
of the plant and processes in a typical pulverised fuel power station. A 
schematic of a typical pulverised fuel power station is presented in Figure 1-6. 
1.5.2.1  Combustion  
The pulverised fuel and air mixture is introduced into the combustion chamber 
via a series of burner nozzles on the side of the boiler structure. The burners 
are constructed such that additional secondary air can be introduced 
simultaneously  to control the fuel-air ratio inside  the combustion chamber. The 
nozzle size and the mass flow rate of the fuel-air mixture will determine the 
velocity of the mixture into the chamber. The nozzle design may also include 
vanes or fins to introduce a rotational velocity (swirl) to the flow as it enters the 
chamber. The fuel-air mixture is thus introduced into the lower part of the boiler. 
Heat transfer to the fuel particles is by convection from the surrounding hot 
combustion gases but mainly through radiation from other combusting particles 
and the boiler heat transfer surfaces. As the particle heats up, the volatile 
matter in the fuel is vaporised and, being mixed with the primary air, combusts 
as a volatile flame. The remaining char particle, still entrained in the flow of 
gases in the chamber continues to heat up and combusts at a slower rate.   
The combustion process is affected by the temperature and the concentration of 
oxygen at the different zones of the boiler. The fuel-air ratio in the primary zone 
of the boiler will affect the temperature of the volatile flame. In pulverised coal 
furnaces, the flame temperature is typically in the range of 1700K to 1900K 
(Gang and Yong, 2006). Biomass, having a lower calorific value to coal, has 
lower flame temperatures typically in the range 1600K to 1800K (Williams et al., 
2001, Ma et al., 2007). Maximum flame temperatures are obtained near to the 
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optimal stoichiometric mix of air and fuel. At lower air ratios, the flame 
temperature is reduced. Adjusting the air-fuel ratio in the primary combustion 
zone is  a means of controlling the temperature of the flame. While higher boiler 
temperatures can be advantageous for heat transfer and thermal efficiency, 
higher combustion temperatures can increase nitrogen oxide emissions and 
exacerbate ash melting in the furnace so control of the combustion temperature 
is important. Where fuel-rich mixtures are introduced in to the boiler, the 
incompletely burned products from the primary zone subsequently combust with 
secondary air. In some cases, tertiary air can be introduced into the combustion 
chamber after the main combustion stage (Nussbaumer, 2003). Moisture 
content of the fuel also affects the flame temperature, reducing the maximum by 
up to 100K for each 10% moisture by weight (Salzmann and Nussbaumer, 
2001). Ideally, the particles of pulverised fuel should have combusted 
completely by the time the entrained particle reaches the back of the boiler (the 
shorter “leg” of the boiler in Figure 1-6) thus having released all its thermal 
energy to the combustion chamber. The efficiency of the plant at converting the 
fuel energy to steam and thence electricity is dependent on achieving a high  
level of “burn-out” in this way. Burn-out of pulverised biomass fuel is one of the 
issues considered in investigations in later chapters. 
Heat transfer to the steam raising part of the boiler is mainly through the 
combustion chamber walls which are constructed as a water jacket surrounding 
the main chamber. The steam raised passes out of the steam drum at the top of 
the boiler at high pressure  (over 150 bar) or even super critical pressure (>220 
bar). The temperature of the steam may be raised even further by passing 
within the combustion chamber in a series of tubes called “super-heaters” 
(steam super-heater in Figure 1-6). Large scale power stations generally have 
units with at least 500MW rated electrical output. On this scale, the steam 
turbines are typically staged with a high pressure stage followed by reheat of 
the steam by an additional pass through the boiler (steam reheater in Figure 
1-6) and return to an intermediate pressure stage and low pressure stage 
turbine in series. The super-heater tubes and steam reheater tubes form a large 
surface area inside the combustion chamber and require their surfaces to be in 




























































































1.5.3 Ash, fouling and slagging 
If complete combustion of the coal or biomass is achieved, the carbon and 
hydrogen pass out of the boiler as carbon dioxide and steam while the inorganic 
part of the fuel burned forms other substances. The substances which pass out 
in the gas phase (sulphur dioxide and nitrogen oxides) are discussed in the 
following section on emissions. The substances which form condensed phase 
materials are ash. The ash in the combustion chamber behaves differently  and 
causes different issues depending on which part of the boiler it ends up in. 
The fraction of ash which falls to the bottom of the chamber by gravity is called 
bottom ash and can usually be removed regularly with the boiler in operation. 
However, certain composition of ash at certain temperatures can lead to the 
material melting together in an amorphous, sometimes vitreous mass known as 
slag (slagging). Other solid ash can deposit on the heat transfer tubes. Again, 
with certain composition and temperature, the ash partially melts and becomes 
sticky such that it adheres to the surfaces and impedes the heat transfer 
(fouling). Ideally, that part of the ash that is not collected in the bottom of the 
chamber but which is light enough to be entrained in the gas flow, passes out of 
the chamber completely. The exhaust gases can be treated to remove this “fly 
ash” by the use of an electrostatic precipitator (ESP). The efficiency of the ESP 
is related to the electrical properties of the ash particles which, again is related 
to the ash composition. 
The melting behaviour of the ash is a complex function of the ash composition 
but one particular element, potassium, which is present in biomass has a strong 
influence on  the melting point and this will be one of the issues considered in 
investigations in later chapters. 
1.5.4 Emissions 
In addition to contributing to a reduction of CO2 emissions, biomass energy can 
deliver some advantages over coal combustion with regards to other polluting 
emissions. While coal-fired electricity power stations are increasingly able to 
tackle the issues of sulphur dioxide (SO2) and nitrogen oxides (NOx) emissions 
with the adoption of, albeit costly, “clean coal” technologies, biomass 
combustion can have less of a tendency to produce these pollutants and their 
35 
use can allow large scale power generation to continue operations while 
complying with emissions limiting regulations. 
In the EU, a major incentive for operators to convert to the use of biomass in 
existing large scale conventional power stations has not been necessarily the 
need to reduce CO2 emissions but, primarily, compliance with the restrictions on 
pollutant emissions imposed by the regulatory limits introduced in EU Directive 
2001/80/EC (EU, 2001). This legislation entitled “on the limitation of emissions 
of certain pollutants into the air from large combustion plants” requires 
reductions in overall emissions of NOx and SO2 with respect to 1980 levels. In 
the UK, the means of implementing this has been the National Emissions 
Reduction Plan (NERP) (UK_Government, 2007).  This has placed specific 
limits on very large existing power plant (>500MW th): For example the NOx 
emissions limits for Drax and Eggborough power stations in Yorkshire, UK will 
drop from nearly 500 mg/m3 for the period 2008-2015 to just over 200 mg/m3 
from January 2016.The likely means of compliance for power plant such as 
these was envisaged (in NERP) to be the introduction of low-NOx burners 
together with selective catalytic reduction plant. However, the economics of 
fitting such technology to existing plant appeared to be unattractive compared to 
an alternative solution: that is, conversion to fuel which results in lower NOx. 
Since many solid biofuels ostensibly satisfy this requirement, some power 
station operators made plans for full conversion to biomass fuel by 2016. To 
date, only Drax in North Yorkshire has successfully implemented full conversion 






The aim of this first chapter has been to provide a contextual background about 
the use of biomass fuels in large scale power generation.   
The question of why biomass as a fuel resource is important has been 
answered in terms of its potential to provide renewable, sustainable and flexible 
power generation as part of the primary energy mix.  While there are large 
variations in the predicted usable resources, it is feasible that up to 5% of global 
electricity production could be derived from biomass by 2050. This has been 
recognized both in the UK and globally in response to the necessity to control 
CO2 emissions from fossil fuels and mitigate their influence on climate change.  
In order for the deployment of the technology to be effective in this respect, the 
fuel resources must be sustainable and economically viable. The current and 
potential biomass fuel supply has been discussed and it is contended that there 
is scope for biomass power generation to make significant impact in displacing 
fossil fuels. This has then led to an explanation of the meaning of what is “solid 
biomass fuel” with identification of the types of biomass which are currently 
being used and also those which have potential in future developments.  
While there are many technologies for converting biomass fuels to electricity, 
the context of this study is large scale power generation with a particular focus 
on pulverized fuel combustion plant. An overview of this technology has been 
presented. Some of the operational issues associated with the technology 
include control over the efficiency of achieving full burn-out of the fuel inside the 
furnace and control over the behaviour of the resulting ash. 
1.6.2 Research and knowledge gaps 
Three areas where there are gaps in knowledge of biomass combustion have 
been identified: 
1) Particle size and burn-out efficiency 
Effective control of burn-out efficiency has been identified as one of the key 
issues with respect to the operation of pulverized fuel (p.f.) boilers with solid 
biomass fuel. While there is extensive knowledge and experience of the 
37 
combustion behaviour of pulverized coal, experience of burning biomass in the 
same plant is comparatively limited. The difficulties in reducing biomass fuels to 
particle sizes as small as p.f. coal is challenging and energy-consuming. There 
is therefore an incentive for operators to aim for the largest particle size 
possible while still achieving good burn-out. The relationships between particle 
size and burn–out in the context of p.f. have not been addressed in detail in the 
literature. Furthermore, there is little, if any information presented to quantify the 
variations in these relationships for different biomass fuels. 
2) Potassium transformations during combustion 
Fouling, slagging and corrosion in boiler plant are significant issues for large 
combustion plant operators. It is recognised that the ash from most biomass 
fuels is different in composition to most coals. In particular, biomass contains 
higher proportions of potassium which affects ash behaviour and can stimulate 
corrosion mechanisms. However, the phase transformations and species 
transformations of potassium during the combustion of biomass are not 
understood sufficiently to allow accurate prediction of how and where potassium 
might end up. Deeper understanding of potassium transformations during 
biomass combustion is therefore important.  
3) Thermal conductivity of solid biomass fuels 
While there are considerable data in the literature on the thermal properties of 
various woody materials, there is little information on the thermal conductivity of 
herbaceous biomass or other non-woody biomass materials. This is important 
information required for modelling and analysing solid fuel combustion.  
1.6.3 Thesis aims and overview 
Having provided a contextual background and identified certain gaps in 
knowledge, the aims of the research presented in this thesis can be set out. 
Two particular challenges relevant to the combustion of biomass in large scale 
power generation, provide the incentive for investigation. These can be 
summarised as: 
 assessing the variability in fuel combustion behaviour and control of 
burn-out efficiency for different fuels 
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 understanding the behaviour of potassium during the combustion of 
biomass fuels to aid in the prediction of ash behaviour and associated 
emissions  
In addition, the need for data on the thermal properties of a wider range of solid 
biomass fuels has been identified. In this case, the challenge is the means of 
taking measurements on small quantities of very variable materials. 
In tackling these challenges, each chapter addresses a specific research 
question. These are set out below along with a brief overview of the chapter 
content.  
Chapter 2 
What are the characteristics of solid biomass fuels as used in large scale power 
generation and how do these characteristics compare to each other and to 
other fuels?     
Details are presented of the composition and fundamental characteristics of the 
solid biomass fuels selected for experimental study. This includes description of 
the analytical methods used for fundamental characterisation and means of 
interpreting the data. The analytical results are presented alongside a 
discussion and comparison of the fuel properties.  
Chapter 3 
What are the relationships between particle size/shape/mass and the time 
required for full combustion (burn-out efficiency) in certain high-temperature 
conditions?  
A detailed description is presented of an experimental method to determine the 
relationship between particle size and duration for burn-out in a high-
temperature flame environment. A large data set is obtained from three fuel 
samples for detailed analysis. Empirical expressions to describe the relationship 
between particle mass and characteristic combustion times are derived from the 
data. A further ten fuels are examined using the same method. The chapter 
includes an introduction (including literature review), methodology, results and 
analysis.   
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Chapter 4  
What are the relationships between potassium content and the patterns of gas-
phase potassium release during combustion of biomass fuels and how does this 
vary between different types of fuel?  
A detailed description is presented of an experimental method for examining the 
patterns of gas-phase potassium release from a particle of biomass as it 
combusts in a furnace-like environment. Thirteen fuels are examined using the 
method. The chapter includes an introduction (including literature review), 
methodology, results and analysis.   
Chapter 5  
How does the thermal conductivity of different types of biomass fuel vary?  
A detailed description is presented of an experiment for measuring the effective 
thermal conductivity of various biomass materials. Measurements are presented 
for fourteen different biomass fuel materials. The chapter includes an 
introduction (including literature review), methodology, results and analysis.   
Chapter 6  
What insights into the combustion of biomass at high temperature can be 
inferred from modelling based on experimental results of single particle 
combustion and potassium release?  
A model is presented of a single particle of biomass in the same combustion 
environment as that of the experiments described in chapters 3 and 4. Each 
element of the model is described with appropriate references and justifications. 
The completed model is used to validate assumptions and interpret the results 
of the experiments. A brief review of the literature on modelling gas-phase 





Chapter 2  
Fundamental characterisation of solid biomass fuels 
2.1 Solid biomass fuel samples 
In preparation for the investigations on combustion behaviour of solid biomass 
fuels covered in later chapters, samples of a range of solid biomass fuels were 
selected for study. The samples were selected on the following criteria: 
a. To be representative of fuels which are typically used or considered for 
use in large scale power generation plant. 
b. To have diversity in the types of materials (within the limits of criterion a.) 
to allow comparison across the range of fuel properties and 
characteristics. 
To obtain fuels which were known to be used as fuels in operational power 
plant, many of the samples were sourced from power station operators directly. 
Some samples were obtained from harvests of research-trial crops from 
Rothamsted Research agricultural research institution. The quantity and form of 
the samples was determined by the availability from the various suppliers. 
Three coal samples were selected for comparison. The full selection of samples 
is summarised in Table 2-1. 
All materials were prepared using similar processing to provide consistent 
samples for the appropriate analyses in accordance with the methods described 
in European Standard EN14780 (Standard, 2011a). Where division of the 
sample was required for extracting a sub-sample, this was achieved using 
cone-and-quartering technique or using a riffle. Materials received in raw or 
pelletised form were reduced to <2mm top particle size using a Retzsch SM100 
cutting mill. This coarse, milled material was used for producing ash samples 
and for proximate analysis (i.e. moisture, volatile matter and ash content). A 
fraction of all materials were further milled using a liquid nitrogen impact mill 
(Spex  6770 freezer mill) and the entire fraction (~10-20g per material) passed 
through a 90m sieve. These finely milled samples was used in thermo-
gravimetric analysis, elemental analysis and calorimetric analysis. For other 
experiments and analyses where large particle sizes were required, the as-
received materials were used and cut to the appropriate sizes. 
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Table 2-1 - Solid fuel samples 
Sample name Description Form supplied  
Willow A 
a short rotation coppice willow energy crop 
from the United Kingdom 
pellet 
Willow B 
research-trial short rotation coppice willow 
energy crop from the United Kingdom 
wood-chips 
& hammer milled 
Wood pellet A 
“white” wood pellet originating from United 
Kingdom 
pellet 
Wood pellet B 
“white” wood pellet originating from North 
America 
pellet 
Wood pellet C 
mixed forestry wood pellet originating from 
North America 
pellet 
Pine pine wood from UK forestry (including bark) 
milled in various 
particle size fractions 
Eucalyptus eucalyptus wood from north America wood chips 
Wheat straw A 
wheat crop harvest in Yorkshire, UK 
 
loose straw 
Wheat straw B 
research-trial wheat crop harvest in United 
Kingdom 
loose straw 
& hammer milled 
Rape straw oilseed rape crop harvest in Yorkshire, UK loose straw 
Miscanthus A 










“black-pellet” from a producer of steam-
exploded wood pellets in the USA 
pellet 
Olive residue from Mediterranean olive residue waste pellet 
Coal A from El Cerrejón mine, Colombia milled 
Coal B from Kellingley colliery, Yorkshire, UK lump 
Coal C from Pittsburgh, USA (Pittsburgh #8) milled 
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2.2 Experimental and Analytical Methods 
2.2.1 Proximate analysis 
Proximate analysis is the determination of the composition of a fuel in terms of 
the following constituents: 
 Moisture 
 Volatile matter 
 Fixed carbon 
 Ash 
2.2.1.1 Moisture content 
The moisture content of a fuel sample is the amount of water, removable by 
oven drying, that is contained within the material. It is defined here (and is used 
consistently throughout other chapters) as a proportion of the gross sample 
mass: 
 𝑀 =  
𝑚𝑤
𝑚𝑤 +  𝑚𝑑
 (2-1) 
 where: 
𝑀 is the mass fraction of moisture in the sample  
𝑚𝑤  is the mass of moisture in the sample 
𝑚𝑑  is the mass of the dry (moisture-free) sample  
 
The standard procedure for determining moisture content of solid biomass fuels 
is defined in EN 14774-3 (Standard, 2009a). The method entails heating a 
milled sample (~1g) of the fuel in a laboratory oven to 105°C for an extended 
period (>3 hours) and measuring the mass loss. This method was used to 
determine the “as received” moisture content of the fuel samples.   
Since the moisture level is affected by the freezing process, the moisture in the 
finely-milled samples processed in the freezer-mill were measured separately 
using a similar heating profile in a thermo-gravimetric analyser (TA Instruments 
TGA Q5000). 
2.2.1.2 Volatile matter content 
As a ligno-cellulosic material is heated, the complex organic components 
(cellulose, hemicellulose and lignin) thermally break down to produce a wide 
range of simpler organic compounds. These may be light hydrocarbons or 
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heavier tars depending on the heating rate and temperature at which they form.  
Higher temperatures favour gas formation as the volatiles break down further to 
species such as CO, CO2, H2O, CH4 and H2. The process of thermal conversion 
of the solid fuel into volatile products is pyrolysis. The volatile release itself is 
referred to as devolatilisation. When devolatilisation is complete, a solid residue 
remains which is composed of the carbon-enriched char and the ash 
components. Since the devolatilisation process is dependent somewhat on 
heating rates and temperatures, evaluating the volatile content with replicability 
requires that these conditions are reasonably consistent in each test. 
The standard procedure for determining volatile content of solid biomass fuels is 
defined in EN 15148 (Standard, 2009d). The method entails rapid heating of a 
milled sample (~1g) held in a loosely-lidded crucible placed in a furnace at 
900C for 7 minutes. The volatile matter in the sample is taken to be the mass 
loss of the sample adjusted to account for moisture content. This method was 
used to determine the volatile content of each fuel sample. The volatile content 
is defined as: 





𝑣𝑜𝑙𝑑 is the dry basis mass fraction of volatile content 
𝑚𝑣𝑜𝑙  is the mass of volatile matter in the sample 
2.2.1.3 Ash content 
If a biomass fuel is fully combusted, the volatile organic components and the 
carbon are all oxidised and transfer to the gas-phase. Ash is the unburned solid 
phase residue left over at the end of the process. It mainly consists of oxidised 
inorganic components. However, depending on the temperature and 
atmosphere during combustion, there may be small quantities of unburned 
carbon in ash also.  
The standard procedure for determining ash content of a biofuel sample is 
defined in standard EN 14775 (Standard, 2009b).  The method entails heating a 
milled sample (~1g) in a furnace with a suitable air flow to an initial temperature 
of 250C for one hour and then to 550C for a further two hours. The mass of 
ash in the sample is the mass of the remaining residue in the crucible. This 
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method was used to determine the ash content of each fuel sample. The ash 
content is defined as: 





𝑎𝑠ℎ𝑑 is the dry basis mass fraction of ash in the sample  
𝑚𝑎𝑠ℎ  is the mass of ash in the sample 
2.2.1.4 Fixed carbon content 
The ‘fixed carbon’ in a biomass material refers to the quantity of material 
remaining in the sample, excluding the ash content, after the devolatilisation 
process. While the material may still include some heavier organic molecules, it 
is predominantly non-volatile carbon hence the term ‘fixed carbon’. 
The fixed carbon content is derived as: 
 𝑐ℎ𝑎𝑟𝑑 =  1 − 𝑣𝑜𝑙𝑑 − 𝑎𝑠ℎ𝑑 (2-4) 
 where: 
𝑐ℎ𝑎𝑟𝑑 is the dry basis mass fraction of char (fixed carbon)  
2.2.2 Molecular analysis 
The three principal molecular components of ligno-cellulosic biomass are 
cellulose, hemicellulose and lignin. The proportions of each of these can be 
determined from a series of digestions and filtrations (Goering and Soest, 
1970). 
Analytical methods for determining the three components of fibrous biomass are 
defined in international standards: ISO 13906 (Standard, 2008);ISO 16472 
(Standard, 2006b) and; ASTM D1106 (Standard, 2013). 
The non-fibrous matter can be extracted from the sample by use of a neutral 
detergent to produce a residue of ‘neutral detergent fibre’ (NDF) consisting of 
the hemicellulose, cellulose and part of the lignin. An acid detergent can 
dissolve out the hemicellulose but leave the acid detergent fibre (ADF) which 
consists of cellulose and the NDF part of the lignin. The hemicellulose content is 
determined by the difference between the NDF and ADF content. That part of 
the lignin in the ADF can be extracted as acid detergent lignin (ADL) such that 
the cellulose content can be determined as the difference between the ADF and 
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ADL. The total lignin or ‘Klason lignin’ is determined by a separate extraction by 
72% sulphuric acid.   
The selected biomass fuel samples were analysed externally, using the above 
techniques, by the Institute of Biological, Environmental and Rural Sciences 
(IBERS), Aberystwyth University.  
2.2.3 Ultimate analysis 
Ultimate analysis is the determination of the composition of a fuel in terms of the 
principal elemental components. In ligno-cellulosic biomass these are carbon, 
hydrogen and oxygen.  Nitrogen and sulphur may also be present in small, but 
significant quantities. Both of these are important in the context of combustion 
since their oxide forms are gaseous (i.e. NOx and SO2) and notable pollutants.  
The determination of the principle elemental content (ultimate analysis) can be 
carried out using proprietary automated organic element (CHNS) analysers. 
Such analysers perform a controlled combustion at 900°C in an oxygen 
atmosphere to produce CO2, H2O, NO2 and SO2. The products pass through a 
gas-chromatography column and the relative volume fraction of each is 
measured at the exit of the column by detecting the change in thermal 
conductivity of the gas. The absolute masses of C, H, N and S in the original 
sample can then be calculated. The oxygen content is derived by mass 
difference, accounting for the mass of ash in the sample. The standard 
procedure for determination of carbon, hydrogen and nitrogen content is defined 
in EN 15104(Standard, 2011b).  
In accordance with the standard method, the analysis was undertaken on 
duplicate samples using an automated analyser (CE Instruments Flash 
EA1112). Additional measurements were undertaken independently on samples 
of pine, eucalyptus and willow pellet using a second analyser (CE Instruments 
Flash EA2000)  for verification of the results from the first analyser. Standard 
reference materials (B2170 Olive stone and B2276 Oatmeal) were used to 
check the calibration of the instruments. Proportional quantities of carbon, 




2.2.4 Calorific value 
The specific energy is also referred to as the calorific value (or heating value) of 
a fuel. There are two distinct measures of calorific value: gross calorific value 
(GCV - also referred to as High Heating Value or HHV) and net calorific value 
(NCV - also referred to as Lower Heating Value or LHV). The difference 
between the two values is the energy of vaporisation of the moisture after 
combustion (moisture in fuel + water produced from oxidisation of fuel hydrogen 
content). The gross value represents the energy release if the water in the 
combustion products is in liquid phase whereas the net value represents the 
energy release if the water in the combustion products is in vapour phase. 
Although the net value is the real useful energy extracted in most applications, 
the gross figure (or HHV) on a dry basis (excluding the initial moisture in the 
material) is the usual figure given in fuel characteristic data. 
The actual calorific values of different biofuels depend on the chemical 
composition and the physical density of the material. The calorific value of a fuel 
sample can be determined in the laboratory using a bomb calorimeter. It is 
important to distinguish between the different calorific values obtained on net or 
gross basis on dry or wet basis. The European standard method, EN14918 
(Standard, 2009c) for determination of calorific value in solid biofuel defines the 
various calorific values (in J/kg) as follows: 
Gross calorific value at constant volume:  
 𝑞𝑐𝑣,𝑔𝑟  (The value determined in bomb calorimeter) 
Gross calorific value at constant volume, dry basis:   
 𝑞𝑐𝑣,𝑔𝑟,𝑑 = 𝑞𝑣,𝑔𝑟 ×
1
1−𝑀
  (2-5) 
Net calorific value at constant pressure, dry basis:   
 𝑞𝑐𝑝,𝑛𝑒𝑡,𝑑 = 𝑞𝑐𝑣,𝑔𝑟,𝑑 −  2.122 𝐻𝑑 − 0.008(𝑂𝑑 + 𝑁𝑑) (2-6) 
 
Where: 𝐻𝑑 , 𝑂𝑑and 𝑁𝑑 are respectively, the fractions of hydrogen, 
oxygen and nitrogen by mass in the dry sample 
Net calorific value at constant pressure, in sample with moisture content  : 
 𝑞cp,net,w = 𝑞cp,net,d × (1 − 𝑀) − 2443 × 𝑀  (2-7) 
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There are also empirical formulae based on the proportions of the principal 
elemental constituents.  A formula derived empirically with detailed statistical 
analysis by Friedl et al. (Friedl et al., 2005) can be used as a means of 
estimating the gross calorific value: 
 𝐺𝐶𝑉 = 100 × {355(𝐶𝑑)
2 − 232(𝐶𝑑) − 2230(𝐻𝑑)
+ 5120(𝐶𝑑 × 𝐻𝑑) + 131(𝑁𝑑) + 206} 
(2-8) 
The calorific values of the samples were measured using a bomb calorimeter 
(Parr 6200 Isoperibol Calorimeter) in accordance with EN14918 standard 
(Standard, 2009c). Calculated values were obtained using the approximation 
from Friedl et al. (Friedl et al., 2005). 
2.2.5 Inorganic content 
Evaluation of the inorganic content of fuels can be made by various methods 
including production and analysis of ash. However, depending on the 
combustion temperatures and heating rates, ash produced for analysis may 
include unburned carbon or may lose some more volatile elements (e.g. 
potassium) to the gas phase in the process (Xing et al., 2016).   
Analysis can be made directly on the fuel by digesting the material in acid rather 
than combusting it so that volatile components are not lost in the process. A 
standard method for determination of major inorganic elements in solid biofuels 
is set out in EN15290 standard (Standard, 2011c). 
Methods of determining inorganic content in fuels include: 
 Wet chemical analysis  
 X-ray fluorescence spectroscopy (XRF) 
 Energy dispersive x-ray spectroscopy (EDX) 
 
For each of the biomass materials analysed, ash samples were prepared using 
similar methods as described in section 2.2.1.3. These were further heated at 
815°C to remove residual carbon. Each of the methods listed above was 
employed to evaluate inorganic content of the selected biomass fuels. In most 
cases, all three methods were used and the results were collated.  
Chlorine content of the biomass samples was determined by a separate wet 
chemical analysis through the laboratory services of the University of Leeds, 
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Department of Chemistry. Chlorine content relative to the major inorganic 
elemental content was also measured as part of the EDX analysis (see 2.2.5.3). 
2.2.5.1 Wet chemical analysis 
A sample of each ash was prepared for wet chemical analysis by acid digestion 
to form an aqueous solution. Two analytes were produced:  
Solution A – reaction of ash with sodium hydroxide at 650C to produce 
sodium silicate which is dissolved in HCl to give silicic acid in solution. 
The analyte is used only for the determination of silicon content. 
Solution B – acid digestion by hydrofluoric, hydrochloric, sulphuric and 
nitric acid sequentially. 
Evaluation of the quantity of each element in the solution by atomic absorption 
spectroscopy (AAS), spectrophotometry or titration. The content of ten major 
inorganic elements was quantified using the analytical methods summarised in 
Table 2-2. 
Table 2-2 - Wet chemical analytical methods for major elements of ash  
Element Analyte measurement method 
Sodium Solution B AAS  
Magnesium Solution B AAS 
Aluminium Solution B + KCl AAS 
Silicon Solution A + ammonium molybdate + 




Phosphorous Solution B + molybdovanadate to give 
vanadomolybdophosphoric complex (yellow) 
Spectrophotometer @ 
430nm 
Potassium Solution B AAS 
Calcium Solution B + triethanolamine Titration with EDTA 
Titanium Solution B + hydrogen peroxide to give 
pertitanic complex (yellow) 
Spectrophotometer @ 
430nm 
Manganese Solution B AAS 
Iron Solution B AAS 
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2.2.5.2 X-ray fluorescence spectroscopy (XRF) 
XRF spectroscopy may be used for analysing elemental content in solid-phase 
samples. The method is based on measurement of the fluorescent x-ray 
emissions from a sample after it has been irradiated by a primary x-ray source. 
Each element in the sample can be identified by its characteristic spectra and 
relative concentrations can be determined from the respective emission 
intensities.  
A sample of each ash was prepared for the XRF analysis by fusing  into solid 
glass discs for insertion in to the XRF spectrometer.  The discs consisted of 
0.5g of standard or sample (ground to <100 µm), 5.0g of flux and 0.05g lithium 
bromide. A melt was produced at 1200°C for 12 min in a Pt/Au crucible and was 
cast as a disc in a mould. The samples were analysed for the elements listed in 
Table 2-2 using an X-Thermo ARL Advant XP sequential XRF spectrometer. 
The measurement method is not fully quantitative and the results show only the 
relative proportions of the selected elements. 
2.2.5.3 Energy dispersive x-ray spectroscopy (EDX) 
Energy dispersive x-ray spectroscopy can also be used for analysing elemental 
content. Similarly to XRF, the method involves the measurement of the x-ray 
emission spectra from a sample. However, in EDX spectroscopy, the x-ray 
emissions from the sample are stimulated by an electron beam rather than 
primary x-ray radiation. EDX is then commonly used with scanning electron 
microscopes (SEM) where the scanning electron beam stimulates the x-ray 
emissions. 
Samples of each ash for EDX analysis were adhered to a copper substrate 
support for insertion into a Carl Zeiss EVO MA15 scanning electron microscope 
(SEM) fitted with an Oxford Instruments AztecEnergy EDX system. The 
samples were analysed for the elements listed in Table 2-2 with EDX spectra 
recorded for at least six different sample sites. The measurement method is not 
fully quantitative and the results show only the relative proportions of the 




2.2.5.4 Minor Inorganic content 
Biomass fuels also contain inorganic elements, other than those listed in Table 
2-2, which are present at lower levels and for which the methods described in 
section 2.2.5 are not sensitive or precise enough.  Some of these are of interest 
because of their toxic pollution potential (e.g. mercury and cadmium) while 
others can affect ash behaviour (e.g. lead and zinc).  For these, a more 
sensitive means of analysis is necessary. A standard method for determination 
of minor inorganic elements in solid biofuels is set out in standard EN 15297-20. 
In accordance with this standard, the biomass fuels were prepared by digestion 
in concentrated nitric acid together with microwave heating. The resulting acid 
solution was diluted with deionised water to produce estimated concentrations 
of the elements of interest in the range 10-1000 parts per billion (ppb). In some 
cases this required dilutions of the initial analyte by 1000 times. The solutions 
were then analysed for the measurement of lead and zinc content using a 
Perkin Elmer ELAN DRC-e inductively-coupled-plasma-mass-spectrometer 
(ICP-MS) analyser. In an ICP-MS analyser, the sample is ionised in a plasma 
produced by electromagnetic induction (inductively couple plasma). The ionised 
sample is then passed through a quadrupole mass analyser which separates 
the ions on the basis of their mass-to-charge ratio. The concentration of ions is 
measured by a detector. The method allows detection of concentrations in the 
order of parts per billion which can be quantified by calibration against analytes 
with known concentrations. 
2.2.6 Thermogravimetric analysis 
Thermogravimetric analysis is a method of examining the changes in the solid-
phase mass of a sample as it is subjected to a fixed or changing temperature. 
For the investigation of biomass fuels, measurement of the change in mass of a 
sample as a function of increasing temperature provides insights into the 
process of drying and the chemical reaction characteristics and devolatilisation 
and combustion. 
Three aspects of the biomass thermal behaviour were examined by means of 
thermogravimetric analysis: drying; pyrolysis and char oxidation. A TA 
Instruments TGA Q5000 thermo-gravimetric analyser was used for the 
measurements. 
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Samples were milled, using the method described in section 2.1, to a top 
particle size of less than 90m. Samples of 2-3mg were placed in the TGA 
analyser sample pans and arranged in a thin, evenly-spread layer. These 
measures were taken to facilitate good heat transfer and minimise effects of 
internal heat conduction which may introduce a discrepancy between the 
apparent measured temperature and actual temperature of the sample 
(Hayhurst, 2013).  
2.2.6.1 Drying 
The samples were initially heated at a rate of 10C/min up to 105C in a 
nitrogen gas flow rate of 50 ml/min. The temperature was held at 105C for 20 
minutes ensuring that the rate of mass loss was negligible by the end of this 
heating stage. The mass loss during this part of the analysis was taken as the 
mass of moisture released during drying. 
2.2.6.2 Pyrolysis 
Following the drying phase, the temperature of the sample was increased at a 
heating rate of 10C/min to 900C. The furnace was maintained in a nitrogen 
atmosphere with a gas flow rate of 50 ml/min.  During this part of the analysis, 
the samples underwent pyrolysis producing a char at the end of the stage. The 
mass loss and rate of mass loss were recorded to allow examination of the 
pyrolysis reaction rate(s) as a function of temperature.  
2.2.6.3 Char Oxidation 
Following the pyrolysis stage, the furnace was allowed to cool to 50C before 
the gas flow was changed to air at a flow rate of 50 ml/min. The temperature of 
the samples was then increased at a heating rate of 10C/min to 600C. During 
this part of the analysis, the char samples underwent oxidation. The mass loss 
and rate of mass loss were recorded to allow examination of the oxidation 





2.3 Results of analyses 
2.3.1 Phyllis2 reference data  
Data on the compositional analysis of a wide range of biomass fuels and coals 
gathered from various laboratories and published literature have been collated 
by the Energy research Centre of the Netherlands (ECN) and made available 
online through the Phyllis2 database (Phyllis2, 2013). Data extracted from the 
database were used for comparison with the measured results of analysis for 
the fuel samples selected in this study. This was done, primarily, as a check on 
the measurements to confirm that the values obtained were consistent with 
those of similar biomass materials analysed elsewhere. Since the database 
includes data for several thousand samples, it is also a useful indicator of the 
variability of biomass fuels. 
The materials groups selected for comparison with proximate analysis results 
included: “grass/plant”; “husk/shell/pit”; “straw/stalk/cob/ear”; “untreated wood”. 
This provided a set of data based on 648 different samples from which mean, 
median, maximum and minimum values were obtained for each measurement.  
2.3.2 Proximate analysis results 
The results of the proximate analyses (moisture, volatile content, fixed carbon 
and ash) of the selected fuel samples are presented in Table 2-3. All 
measurements were duplicated or triplicated. The error bands indicate the 95% 
confidence range derived from the standard error of the data. The results are 
also presented graphically in Figure 2-1 to allow visual comparison between the 
different fuels. 
2.3.2.1 Moisture content 
Even for fuel from the same source, moisture content can vary from one 
extreme to the other and depends on the type of material, age, storage 
conditions and pre-treatments – including milling and drying processes.  To 
illustrate this variability, moisture content figures from the ECN Phyllis2 online 
database  were examined. The moisture content levels in the database 
selection range from less than 1% to 95%. The mean level is 20% and median 
at 10%.  
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With the exception of two samples, the ‘as received’ moisture content of the 
selected fuels was less than 10%.  Following the cryo-milling process, most of 
the biomass samples had moisture contents of 5%  2%. 
 
Table 2-3 - Proximate analysis of selected biomass fuel samples 








wt% as received cryo-milled dry-basis dry-basis dry-basis 
 % +/- % +/- % +/- % +/- % +/- 
willow A 5.6  0.09 5.9  0.42 78.0  0.61 5.4  0.16 16.6  0.77 
willow B 3.1  0.08 4.1  0.50 82.0  0.33 1.9  0.07 16.1  0.40 
wood pellet A 8.9  0.23 2.7  0.12 84.8  0.17 0.3  0.11 15.0  0.28 
wood pellet B 5.5  0.04 4.1  0.02 83.0  0.32 1.0  0.02 16.0  0.34 
wood pellet C 6.9  0.08 5.1  0.52 83.8  0.07 1.2  0.09 15.0  0.16 
pine 9.5  0.10 4.5  0.37 80.9  0.01 2.0  0.37 17.1  0.38 
eucalyptus 8.1  0.06 6.0  0.31 82.6  0.14 0.9  0.04 16.5  0.18 
wheat straw A 10.8  0.03 5.5  0.29 73.4  0.23 7.5  0.26 19.1  0.49 
wheat straw B 8.1  0.07 5.2  0.04 76.6  0.33 6.4  0.05 17.0  0.38 
rape straw 14.3  0.03 7.6  0.56 76.9  0.40 6.3  0.09 16.8  0.49 
miscanthus A 7.4  0.05 4.6  0.13 77.6  0.10 4.9  0.14 17.5  0.24 
miscanthus B 2.5  0.00 3.7  0.77 83.4  0.13 1.8  0.01 14.8  0.14 
S-E pellet 7.2  0.05 4.2  0.02 76.1  0.41 4.2  0.08 19.7  0.49 
olive residue 5.9  0.00 4.8  0.04 74.0  0.10 7.6  0.25 18.4  0.35 
coal A 5.5  0.01 2.2  0.02 39.5  0.06 1.5  0.06 59.0  0.12 
coal B 2.2  0.09 2.2  0.09 30.3  0.00 18.4  0.10 51.3  0.10 




Figure 2-1 – Proximate analyses of selected biomass fuel samples 
 
2.3.2.2 Volatile content 
Volatile content figures for 648 biomass samples were obtained from the ECN 
Phyllis2 online database (Phyllis2, 2013). The volatile content values in the 
database study have a mean of 81% and a median at 82%.   
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From the measurements, all the biomass samples have a volatile content in the 
range 70%-85% (dry basis). It is noted that most of the woody materials have a 
volatile content exceeding 80% while the herbaceous materials all have lower 
volatile content.  The steam exploded pellets have a lower volatile contents than 
other wood derived fuels owing to partial pyrolysis during processing 
(torrefaction). The coal samples have volatile content around half or less of that 
of the biomass samples. 
2.3.2.3 Ash content 
A set of values for (550°C) ash content for 157 biomass samples were obtained 
from the ECN Phyllis2 online database. The ash content values in the database 
study have a mean at 4.2% and median at 2.9%. The selected biomass 
samples are consistent with this having a mean average ash content of 3.7% 
with a median of 3.1%. 
It is notable that most of the wood based fuels have low ash content. The steam 
exploded pellet and willow pellets have higher than expected ash possibly from 
the inclusion of inert material (e.g. dirt) in the pelletisation process.  
2.3.2.4 Fixed carbon 
A set of values for fixed carbon content for 648 biomass samples were obtained 
from the ECN Phyllis2 online database. The fixed carbon content levels in the 
database  study have a mean average at 18.7% and median average at 18.1%. 
While carbon in cellulosic biomass varies around 47% +/-3% (see elemental 
composition analysis section 2.3.4), the proportion of this which is extracted in 
the volatile content measurement is variable. The usefulness of this 
measurement is limited since the chemical kinetics are affected by the heating 
rates experienced and variability in particle size and thermal conductivity will 
affect the result. With this caveat, the standard method can be taken at face 
value as a simple means of obtaining a reproducible value which may be used 
for analysis and for comparison between fuels. In the selected samples, it is 
notable that most materials are within about +/-10% of the “expected” value. 
The exceptions are the miscanthus samples for which the measurements are 
higher than expected. Nevertheless, all the measured values for biomass 
materials are in a fairly narrow range from about 15% to just less than 20%. The 
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coal samples, as expected since their volatile contents are considerably lower, 
have fixed carbon content of 50-60%. 
2.3.3 Molecular composition 
Woody biomass is a complex mixture of molecules and clearly variable in 
density, strength and texture. However, the principle organic molecular 
components are common to all varieties albeit in differing quantities and 
arrangements. 
Wood is made up of xylem tissue. The outer surface of the xylem core is 
surrounded by a thinner layer of phloem which is the tissue that carries nutrients 
from the leaves to other parts of the tree. The phloem is in turn covered by a 
layer of impermeable suberin-containing phellem cells (cork) and finally a layer 
of hard dead cells (rhytidome). The phloem, phellem and rhytidome together 
make up the bark.  As a tree grows, a new layer of xylem tissue is formed at the 
interface of the phloem. In older trees, the xylem cells in the inner core can die 
and accumulate extractives (oils and pigments) giving the wood in the centre a 
harder texture and darker appearance – this is known as “heartwood”.  The 
living xylem which transports the water through the tree is known as the 
“sapwood”.  (Hon and Shiraishi, 2001) 
Cellulose in the form of microfibrils serves to make up the structural framework 
in the cell walls of wood xylem. Hemicellulose is the substance present between 
the microfibrils and lignin is the encrusting substance binding the wood cells 
together and giving rigidity to the cell walls. These three principal molecular 
components, cellulose, hemicellulose and lignin make up the main bulk of most 
plant-based biomass materials including woods and grasses which are 
collectively referred to as ‘lignocellulosic’ materials. 
Cellulose is a polysaccharide chain of glucose rings (pyranose) linked via an 
oxygen which can be represented as [C6H10O5]n . The chains form rigid 
“ribbons” with the CH2OH group on each ring sited alternately on opposite sides 
of the chain. The chains can be up to several thousand units in length. 
Hydrogen bonding between adjacent chains forms the cellulose into fibres (Hon 
and Shiraishi, 2001). 
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Hemicellulose is also a polysaccharide consisting of a mixture of pentose and 
hexose components which can be represented as: [C5H8O4]n1  [C6H10O5]n2 . In 
contrast to cellulose, the chains formed from these sugars tend to form shorter 
and rather random, cross-linked and amorphous structures. In wood, the 
hemicellulose encases and adds strength to the cellulose fibres (Hon and 
Shiraishi, 2001). 
Lignin is a much more complex polymer compound with an irregular and non-
homogeneous structure. The sub-units of lignin are coumaryl, sinapyl and 
coniferyl alcohol. Lignin molecules bind together the fibres of wood as an 
adhesive. A representative chemical formula is not very useful since the 
composition of lignin in different plants is so variable. The proportions of CHO in 
lignin are approximately: C31H34O11 
In addition to the principal components, biomass can contain many other 
organic compounds collectively referred to as extractives.  Extractives can be 
subdivided in to those which are water-soluble and those which are soluble in 
organic solvents. The main groups of wood extractives are: 
 Terpenes (phenols, hydrocarbons, lignans) 
 Fatty acids (oils, waxes, resins, resin acids and sterols) 
 Pigments (phlobaphenes, tannins, stilbenes) 
 Carbohydrates (proteins, alkaloids, sugars, starch, pectin) 
 
The results of fibre content analyses for cellulose, hemicellulose and lignin are 
presented in Table 2-4 (on a dry ash-free basis). The results are also presented 
graphically in Figure 2-2 (including ash content) to allow visual comparison 
between the different fuels. 
The analysis shows the broad similarities between the woody materials which 
have cellulose:hemicellulose:lignin in (ash free)  proportions approximately 
50:15:30. The herbaceous materials have proportions nearer to 40:25:20. It is 
notable that the steam-exploded wood pellet has no detectable hemicellulose – 
a consequence of the thermal conversion (torrefaction) that the material 
underwent in the steam-explosion process. The olive residue is substantially 
different to the other materials, having much less fibrous content overall and a 
higher proportion of extractives. This is because the fruits and seed of plants 
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concentrate nutrients and contain higher proportions of oils with other 
carbohydrates and proteins. 
 
Table 2-4 - Molecular composition of selected biomass fuel samples 
wt% 
d.a.f. basis 
hemicellulose cellulose lignin extractives 
willow A 15.4  55.8  27.7  1.1  
willow B 13.3  50.9  27.3  8.5  
wood pellet A 15.5  47.7  27.9  8.9  
wood pellet B 16.7  47.6  29.3  6.4  
wood pellet C 13.3  48.3  30.2  8.2  
pine 11.2  56.8  29.9  2.2  
eucalyptus 10.6  58.8  30.2  0.5  
wheat straw A 26.4  47.1  21.9  4.5  
wheat straw B 30.7  45.0  20.9  3.3  
rape straw 19.6  47.8  20.5  12.1  
miscanthus A 29.8  43.5  23.1  3.5  
miscanthus B 29.7  32.8  21.3  16.2  
S-E pellet 0.0  44.6  41.3  14.0  












2.3.4 Ultimate analysis 
From the analysis of molecular composition, the average mass proportions of 
cellulose, hemicellulose and lignin in wood are approximately 50:15:30 (%) 
respectively with the balance (5%) being extractives. From this, the proportion 
of the principal elements can be estimated from: 
0.5 x C6H10O5 + 0.15 x C5H8O4 + 0.3 x C31H34O11 + 0.05 x C6H12O6 
This gives an approximate composition by mass of:  Carbon  56%;  Hydrogen  
6%;  Oxygen  38% 
This will vary depending on proportions of components and quantities of 
extractives in the in the material. Measured composition by mass of C, H and O 
for wood reported in literature are generally around: Carbon  50%;  Hydrogen  
6%;  Oxygen  44% (Biermann, 1996). 
The results of the analysis are presented in Table 2-5 on the dry ash free basis.  
The results are also presented, on dry basis (including ash), graphically in 
Figure 2-3 to allow visual comparison between the different fuels. 
The analysis shows variation between 43% and 51% carbon (dry basis) in the 
selected materials with the wood materials having, on average, higher carbon 
contents than the herbaceous materials. Nitrogen levels range from up to 1.6%  
(in olive residue) to almost undetectable in some cases (e.g. wood pellet). The 
error on such low detection levels may be up to 0.5 percentage points which is 
in the order of 50-100% error margin in most cases. The results obtained 
indicate lower levels in the wood pellets while the straws have higher levels. 
The pine wood sample shows the highest level of nitrogen which is unexpected 
from comparison with the other woods. Out of 49 samples of pine wood and 
sawdust on the Phyllis2 database, the maximum nitrogen content reported is 
0.53% (d.a.f. basis).  Sulphur levels were below the detection limit or below the 
margin of measurement error for all biomass materials. 
A useful means of graphically representing the chemical composition of coal 
developed by Van Krevelen is to plot the H/C ratio to the O/C ratio (van 
Krevelen, 1950). This can also be useful for comparison of biomass fuels and 
how they change with processing (such as torrefaction). Figure 2-4 shows the 
selected biomass fuels and coals plotted on a Van Krevelen diagram. In this 
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plot, the order of the materials is generally consistent with their measured 
calorific value. 
 
Table 2-5 - Principal elemental composition of selected biomass fuels  & coals 
wt% C  H  N  S  O  
d.a.f. basis % +/- % +/- % +/- % +/- % +/- 
willow A 49.5  0.56 5.8  0.20 0.5  0.01 0.1  0.09 44.1  0.66 
willow B 50.8  1.27 6.0  0.13 0.4  0.03 0.0  0.08 42.7  1.25 
wood pellet A 49.2  1.89 6.0  0.05 0.0  0.09 0.1  0.12 44.7  2.05 
wood pellet B 50.7  0.23 6.0  0.07 0.1  0.00 0.0  0.00 43.2  0.15 
wood pellet C 50.8  0.11 6.1  0.02 0.0  0.00 0.0  0.00 43.1  0.09 
pine 47.4  0.70 5.3  0.48 1.3  0.04 0.0  0.04 45.9  1.14 
eucalyptus 49.2  0.67 5.6  0.18 0.1  0.05 0.0  0.00 45.1  0.72 
wheat straw A 48.6  0.41 6.0  0.08 0.6  0.01 0.1  0.14 44.8  0.64 
wheat straw B 48.9  0.25 6.1  0.20 0.6  0.00 0.0  0.00 44.5  0.45 
rape straw 48.7  1.97 5.9  0.29 1.1  0.03 0.2  0.07 44.2  2.21 
miscanthus A 48.5  1.13 6.0  0.16 0.6  0.01 0.0  0.00 44.9  1.30 
miscanthus B 49.2  0.61 6.0  0.07 0.2  0.00 0.0  0.00 44.6  0.68 
S-E pellet 52.7  0.65 5.8  0.11 0.2  0.00 0.0  0.00 41.2  0.76 
olive residue 52.8  0.19 6.5  0.03 1.6  0.00 0.0  0.07 39.1  0.23 
coal A 73.0  3.86 5.2  0.08 2.2  0.21 0.0  1.07 19.6  2.92 
coal B 78.2  0.42 5.1  0.19 2.2  0.16 2.1  0.00 12.3  0.34 

















2.3.5 Calorific value 
The gross calorific values (GCV) of the samples as measured using a bomb 
calorimeter are presented in Table 2-6 along with the values calculated from the 
CHN analysis using the approximation of equation (2-8). The average calorific 
values for the similar materials taken from the Phyllis2 database (Phyllis2, 
2013) have been included to allow comparison with “expected” values. In the 
absence of data on the black pellets, the value published by the suppliers has 
been used for comparison. A sample variation error was not evaluated in this 
case since only one measurement per sample was taken. The estimated error 
of these measurements is less than 1%, based on the errors of weighing 
samples. 









willow A 18.88 18.49 19.40 
willow B 19.76 19.81 19.40 
wood pellet A 19.49 19.45 20.00 
wood pellet B 20.04 19.93 20.00 
wood pellet C 20.32 19.95 20.00 
pine 18.59 18.44 20.00 
eucalyptus 19.40 19.22 20.00 
wheat straw A 18.15 17.80 17.80 
wheat straw B 18.08 18.14 17.80 
rape straw 18.41 18.12 19.10 
miscanthus A 18.82 18.26 19.30 
miscanthus B 19.10 19.13 19.30 
S-E pellet 19.95 19.94 19.60† 
olive residue 20.14 19.53 20.20 
coal A 32.70 30.35 30.00 
coal B 28.01 25.63 28.00 
coal C 32.68 31.51 30.50 
†value claimed by supplier 
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Comparison of calorific values cited in the literature and marketing materials 
should be treated with care since the basis (dry or dry-ash-free) of the value is 
not always made clear. The figures presented in Table 2-6 are the Gross 
Calorific Value (GCV) on a dry fuel basis ranging from about 18 to 20 MJ/kg. 
For practical engineering calculations, a dry fuel basis is not necessarily useful 
since fuel delivered to a burner is rarely dry. However for comparison and 
analysis purposes it is important to consider the dry basis since variable 
moisture levels obscure the underlying calorific value of the material. 
The accuracy of the approximation derived from CHN data can be assessed by 
a plot of the calculated values against those measured – as shown in Figure 
2-5.  It can be seen from the figure that there are no severe discrepancies 
between the measured values and calculated values and the coefficient of 
determination, R2 = 0.92.  The largest discrepancies are only around 3%. Some 
of this may be accounted for by measurement error and the value calculated 
from equation (2-8) appears to be a reasonable estimate. 
 
Figure 2-5 - Gross calorific values for selected fuel samples   
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2.3.6 Inorganic content 
Aside from the nitrogen, sulphur and chlorine, much of the inorganic content of 
fuels ends up as a solid-phase residue after combustion. This residue (ash) 
may be retained in the furnace (bottom ash) or collected from the flue gas (fly 
ash). Much of the inorganic content is metals and silicon which form metal 
oxides or mineral compounds. However, sulphur and chlorine can also be 
present in significant quantity in many fuels. Sulphur in combustion generally 
forms sulphur dioxide SO2(g) which passes into the flue gas (and is subject to 
emissions controls). Sulphur can also form other products such as solid-phase 
sulphates which may deposit as ash or form fine particulate matter which can 
also pass into the flue gas (Li et al., 2013). Chlorine can also pass out of the 
furnace in the gas phase or it can combine with alkali metals and deposit as 
solid phase chloride salts stimulating corrosion on furnace surfaces (Schofield, 
2012). Table 2-7 presents the results of a wet chemical analysis determination 
of chlorine. 




willow A 0.07 0.3 
willow B 0.11 0.3 
wood pellet C 0.04 0.3 
wood pellet A 0.01 0.3 
wood pellet B 0.00 0.3 
pine 0.13 0.3 
eucalyptus 0.00 0.3 
wheat straw A 0.26 0.3 
wheat straw B 0.61 0.3 
rape straw 0.32 0.3 
miscanthus A 0.46 0.3 
miscanthus B 0.67 0.3 
S-E pellet 0.05 0.3 




Figure 2-6 shows data from the analyses for the major inorganic content 
presented to indicate the relative content (by mols) of the ten principal metals 
(including silicon). For comparison, data on raw biomasses and coal taken from 
average values in the Phyllis2 database (Phyllis2, 2013) have been included. 
The values obtained were taken as the mean values reported for all items in the 
database classified as “untreated wood”, “straw(stalk/cob/ear)” and “coal” 
respectively. While these values are based on averages from a database in 
which there is wide variation, they do indicate how the selected samples 
compare with the similar fuels. It is important to note that the data are presented 
in the figure to show the relative proportions of each element, not absolute 
values. The total content of each element will be related to the total ash content 
as presented in Table 2-3. 
Some notable similarities and differences are observable from the figure: 
 Biomass fuels (both wood and straw) have higher proportions of 
potassium, calcium and phosphorous than coal on average. 
 Coals have a higher proportion of aluminium and iron than the biomass 
fuels on average. 
 Wood pellets (which have relatively low overall ash content) have more 
magnesium, titanium and manganese than the other fuels. 
 Olive residue is anomalous compared to the other biomass fuels with 








2.3.7 Ash composition 
In furnaces, the fusibility and melting temperatures of the ash are highly 
significant since the ash may form deposits on the furnace walls and heat 
transfer surfaces. For steam-raising boilers, this will clearly impede the 
performance of the system and reduce efficiency. The formation of these 
deposits in the radiative heat–transfer part of the furnace is known as slagging. 
The formation of other solid ash deposits on the convective heat transfer 
surfaces of a boiler (e.g. super-heater tubes) is known as fouling. In the furnace, 
the inorganic matter in the fuel may go through a number of phase 
transformations as some of the materials are volatilised and different species 
are formed at the varying temperatures in different parts of the furnace.  Certain 
minerals may be transported in the vapour, liquid or solid phase and may then 
be transformed upon contact with other ash particles or the furnace structure.  
A detailed survey of the different mineral phases produced in biomass 
combustion is presented by Vassilev et. al in reference (Vassilev et al., 2013). 
These mineral phases include: 
Silicates – ranging from simple quartz/silica (Si02) to silicates of iron, 
aluminium, calcium, sodium and potassium.  Some of these silicates 
have relatively low melting points, in particular some eutectic mixtures of 
potassium silicates (600°C - 980°C) and sodium silicates (≥874°C) as 
well as potassium aluminosilicate (~695°C) and potassium-magnesium 
silicate (~685°C).  
Oxides and Hydroxides – All the oxides of the metals present may be 
formed. Most of these oxides have melting temperatures above 1500°C.  
The hydroxides of sodium and potassium have relatively low melting 
temperatures (318°C and 380°C respectively). 
Phosphates – Biomass can have significant phosphorus content. The 
minerals listed in ref. (Vassilev et al., 2013) are mainly calcium based 
with melting temperatures from 1270-2000°C. Some phosphates of 
potassium can have melting points ranging from 590-800°C. 
Sulphates, sulphides, sulphites – A number of sulphur compounds have 
relatively low melting temperatures. In particular, copper sulphate 
(200°C) and potassium-sodium sulphate-chloride mixture (515°C). 
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Carbonates – Potassium calcium carbonate, potassium carbonate, and 
sodium carbonate (with melting points of 815, 788-904 and 850°C 
respectively). 
Chlorides, chlorates and chlorites – Some biomass fuels have relatively 
high chlorine content which leads to formation of chlorides including 
potassium, sodium and calcium all of which have melting temperatures in 
the region of 800°C. However, eutectic mixtures of KCl and NaCl may 
have melting points lower than 400°C. 
Nitrates – Sodium and potassium nitrates with melting points at 370 and 
~330°C respectively. 
The mixture of all these minerals together makes a very complex system with 
many variables contributing to its behaviour.  However, some correlations with 
certain mixtures are apparent regarding ash composition and its tendency to 
form fouling or slagging deposits in the furnace. An indication of ash melting 
behaviour is possible by measuring physical changes with respect to 
temperature. While there are standard tests for determining ash melting 
characteristic temperatures (Standard, 2006a), it is also possible it use ash 
composition data to provide an indication of ash behaviour. 
The tendency of ash to form a slag has been empirically correlated to the 
relative proportions of the basic oxide content to the acidic oxide content.  The 
ratio of the relative mass fractions of these oxides in the ash analysis (dry basis) 
can be used as a rough indication of the slagging propensity with a ‘slagging 
index’ (Miller, 2005) given by: 
𝑠𝑙𝑎𝑔𝑔𝑖𝑛𝑔 𝑖𝑛𝑑𝑒𝑥 =  
 (Fe2O3  +  CaO +  MgO +  K2O +  Na2O)𝑑
(SiO2  +  Al2O3  +  TiO2)𝑑
 (2-9) 
A ratio of basic/acidic <0.5 is a low propensity and >1 is a high propensity.  
The tendency to cause fouling is correlated to the content of alkali metals which 
are released by volatilisation and subsequently condensed on the cooler parts 
of the furnace. Potassium sulphate, which is common in fly ash, has a melting 
temperature of 1068°C. With the formation of potassium carbonate and 
chloride, the fly ash melting temperature can be reduced to 643°C. Further to 
this, small amounts of sodium can reduce the melting temperature to 609°C.  
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Fouling propensity has been empirically correlated to the “alkali index” which is 
given (Miles et al., 1996) by:  
𝑎𝑙𝑘𝑎𝑙𝑖 𝑖𝑛𝑑𝑒𝑥 =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝐾2𝑂 + 𝑁𝑎2𝑂 [𝑘𝑔/𝑘𝑔]
𝐺𝑟𝑜𝑠𝑠 𝐶𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑉𝑎𝑙𝑢𝑒  [𝐺𝐽/𝑘𝑔]
   (2-10) 
Ash alkali index values more than 0.17 indicate a propensity to cause fouling 
whereas values higher than 0.34 indicate that fouling is almost certain.  
These empirical formulae have been derived from coal combustion experience. 
Directly using them for biomass ash may not be as reliable. Nevertheless, 
applying the data obtained for the fuel samples analysed for inorganic content 
can illustrate variability in biomass ash properties. In this analysis, it is assumed 
that the ash consists of the simple metal oxides of the inorganic elements. The 
relative content of the 8 main oxides in the ash for the 14 biomass and 3 coals 
is presented in Table 2-8.  
From the data in Table 2-8, the slagging propensity can be evaluated for each 
fuel. Along with the measurements of calorific value and ash content, the alkali 
index can also be evaluated. The results of this analysis are presented in Table 
2-9 and Figure 2-7. 
Ash melting temperature can also be affected by small amounts of certain 
metals (so-called ‘minor elements’).  Presence of lead (Pb) and zinc (Zn) 
reduces the melting point further to 196°C. Such low melting points can result in 
rapid deposition and corrosion (BIOASH, 2007). The lead and zinc content in 
each of the biomass fuel materials was determined by inductively-coupled 
plasma mass spectrometry (ICP-MS) of diluted, acid-digested solutions of each 
sample. The results of this analysis are presented in Table 2-10. The 
measurement error is estimated at +/- 10% based on errors introduced in the 
considerable dilution of the analytes. The willow samples, pine and steam-
exploded wood pellet have zinc contents more than 100 parts per million (ppm) 
which would suggest an increased propensity of fouling – in Figure 2-7 this 
would likely move them into the “high fouling propensity” category. 
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Table 2-8 - Relative content of 8 main oxides in ash for biomass and coal 
samples 
wt% dry basis Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 
willow A 2.9  3.6  7.8  53.3  6.3  21.9  0.6  3.7  
willow B 4.1  5.3  1.6  14.1  17.7  55.7  0.7  0.7  
wood pellet A 5.0  11.5  6.1  31.2  15.2  26.9  2.0  2.2  
wood pellet B 4.0  11.4  8.6  32.8  15.8  23.5  1.4  2.6  
wood pellet C 4.0  7.9  8.6  44.7  8.1  22.8  1.2  2.7  
pine 2.5  9.8  1.9  8.8  19.7  55.8  0.4  1.0  
eucalyptus 21.5  7.1  8.5  20.7  11.9  28.2  0.6  1.4  
wheat straw A 0.8  2.6  1.2  65.6  18.7  9.6  1.1  0.4  
wheat straw B 0.9  2.0  0.7  67.6  15.6  12.8  0.2  0.2  
rape straw 4.0  4.5  2.0  17.2  12.1  59.2  0.3  0.7  
miscanthus A 2.6  2.8  1.1  64.5  17.7  10.6  0.3  0.3  
miscanthus B 2.5  4.0  0.8  71.6  10.6  9.8  0.3  0.5  
s-e wood pellet 4.1  4.9  4.5  22.2  9.8  48.5  0.8  5.3  
olive residue 3.3  6.6  2.6  13.2  58.8  14.4  0.4  0.7  
coal A 6.8  0.9  24.0  39.7  1.4  11.1  0.5  15.8  
coal B 3.6  2.2  28.5  51.7  0.7  4.0  0.7  8.6  
coal C 0.9  1.0  28.0  47.1  1.0  2.7  0.7  18.5  













willow A 0.62 MED. 18.88 4.96 0.26 MED. 
willow B 5.11 HIGH 19.76 4.13 0.21 MED. 
wood pellet A 1.55 HIGH 20.04 2.44 0.12 LOW 
wood pellet B 1.33 HIGH 19.49 0.56 0.03 LOW 
wood pellet C 0.84 MED. 20.32 1.20 0.06 LOW 
pine 7.98 HIGH 18.59 4.43 0.24 MED. 
eucalyptus 2.35 HIGH 19.4 2.94 0.15 LOW 
wheat straw A 0.47 LOW 18.15 14.69 0.81 HIGH 
wheat straw B 0.46 LOW 18.08 10.49 0.58 HIGH 
rape straw 4.13 HIGH 18.41 10.14 0.55 HIGH 
miscanthus A 0.52 MED. 18.82 10.03 0.53 HIGH 
miscanthus B 0.38 LOW 19.1 2.36 0.12 LOW 
s-e wood pellet 2.64 HIGH 19.95 5.87 0.29 MED. 
olive residue 5.19 HIGH 20.14 47.5 2.36 HIGH 
coal A 0.56 MED. 32.7 1.22 0.04 LOW 
coal B 0.24 LOW 28.01 7.94 0.28 MED. 




Figure 2-7 - Plot of slagging and fouling propensity for various fuel samples 
(logarithmic scale) 
 
Table 2-10 - Zinc and lead content in biomass fuel samples 
 ppm dry basis Zn  +/- Pb +/- 
willow A 106.8 0.3 51.6 0.3 
willow B 152.4 0.3 2.4 0.3 
wood pellet A 43.5 0.3 2.8 0.3 
wood pellet B 11.4 0.3 3.1 0.3 
wood pellet C 13.3 0.3 4.8 0.3 
pine 168.0 0.3 6.7 0.3 
eucalyptus 7.2 0.3 6.5 0.3 
wheat straw A 3.5 0.3 27.4 0.3 
wheat straw B - 0.3 3.9 0.3 
rape straw 6.1 0.3 3.9 0.3 
miscanthus A 21.8 0.3 2.2 0.3 
miscanthus B 32.4 0.3 1.1 0.3 
s-e wood pellet 214.6 0.3 1.8 0.3 




2.3.8 Thermogravimetric analysis of drying 
As a solid fuel particle is introduced into the high temperature environment of a 
furnace,  the first process that starts as it heats up is the loss of moisture: 
drying. Moisture inside a particle of solid biomass may be either: free water 
contained in the pores of the structure; adsorbed water bound to surfaces in the 
particle structure; chemically-bound water in hydrated molecules within the fuel.  
As the particle is heated up, the free water is evaporated, the adsorbed water is 
desorbed and evaporated and, finally, the chemically bound water is separated. 
The drying rate is dependent on the heat transfer within the particle which itself 
is partly dependent on the moisture content. The diffusion of the water vapour 
through the particle also affects the evaporation rate at the surface. Drying rate 
therefore increases fairly rapidly to begin with as the external free water is 
removed and then levels off as the internal water is driven off. Thereafter the 
rate of moisture loss decreases as less and less adsorbed and chemically 
bound water is able to be removed.  
In evaluating models for drying wood at low temperatures (<100C), 
Hosseinabdi et al. (Hosseinabadi et al., 2012) have presented experimental 
data showing that, for moisture contents below around 30%, the drying rate is 
approximately proportional to the moisture content and to the drying 
temperature. This is the basis for a simplified model of the drying rate for small 
particles proposed by Peters (Peters, 2003) and adopted in single biomass 








= 0 for 𝑇𝑝 < 𝑇𝑒𝑞 
 
Where: 
𝑚𝑤 is the mass of moisture in the particle  
𝑇𝑝  is the temperature of the particle at time 𝑡  
𝑇𝑒𝑞 is the temperature with initial moisture at equilibrium (~310K) 
𝜁 is a coefficient derived from the density, specific heat capacity 
and enthalpy of vaporisation of the water (Peters, 2003) 
The total moisture loss and rate of evaporation of the biomass fuel samples 
were measured using a thermo-gravimetric analyser (TA Instruments TGA 
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Q5000). Samples of between 3 and 5mg with a particle size <90m were 
analysed with a linear heating profile from 25C to 105C at 20C per minute 
and a nitrogen gas flow rate of 20ml/min. The mass loss and rate of mass loss 
(i.e. evaporation rate) of an example analysis are shown in Figure 2-8. 
Equation (2-11) was used to replicate the measured data in Figure 2-8 with a 
value for  𝜁 = 0.00093 derived empirically. The model provided a good 
approximation for all samples with moisture content ranging from 2.7% to 6% 
(refer also Table 2-3). 
 
Figure 2-8 - Mass loss and evaporation rate from biomass sample (particle 
size<90m) during drying in nitrogen  
 
For larger particles and higher heating rates the internal temperatures in single 
particles of biomass cannot be assumed to be uniform. A study by Lu and 
Baxter (Lu and Baxter, 2011) included measurement of internal temperature 
gradients during drying of particles >10mm diameter. The study reports the 
temperature at the centre of the particle initially rising to near to the boiling point 
as the moisture evaporates out. In the meantime, depending on the size of the 
particle, the surface temperature may rise high enough such that the exterior of 
the particle starts to devolatilise while the interior is still drying out.  At high 
heating rates and with small particle sizes (e.g. in a pulverised-fuel furnace) 
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there is very little temporal separation between the drying and the 
devolatilisation processes (Thunman et al., 2004).  
2.3.9 Thermogravimetric analysis of devolatilisation 
As the dried particles of fuel are heated further (105 to 600C) , the organic 
molecular structures (cellulose, hemicellulose, lignin and other substances) start 
to undergo pyrolysis and the devolatilisation process begins.  The 
decomposition of organic materials into gaseous products is an endothermic 
process.  While the temperature inside the particle is increased by heat 
conduction from the surface, energy absorbed in decomposition reactions tend 
to counteract this. The change from condensed phase to gas phase products 
also imparts a cooling effect as the enthalpies of vaporisation are also 
endothermic.  In a combustion environment (i.e. in a furnace), the volatile 
products escape to the surrounding atmosphere which contains some oxygen. 
With sufficient heat and oxygen the volatile gases combust forming a flame 
around the particle. The oxygen in the vicinity will vary depending on the mixing 
of the primary and secondary air and the consumption of oxygen locally by the 
ongoing combustion.   
The pyrolysis process is a complex mixture of many different decomposition 
reactions occurring in parallel. Different organic molecules break down at 
differing rates at different temperatures. A detailed examination of the pyrolysis 
process for lignocellulosic biomass materials can be undertaken by considering 
the principal organic components: cellulose; hemicellulose; and lignin. A 
number of experimental studies using TGA have been carried out regarding the 
pyrolysis behaviour of the individual substances [(Orfao et al., 1999, 
Raveendran et al., 1996, Yang et al., 2007)].  These do show clearly different 
pyrolysis behaviours of the different components which help to understand the 
behaviour of biomass materials with varying proportions of these constituents. 
Hemicellulose is the least stable component with decomposition starting at 
temperatures around 200°C with almost all volatile weight loss taking place 
below 350°C  and with peak rate up to 1.0wt%/°C. The residual char after 
devolatilisation of hemicellulose accounts for about 30wt%.  
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Cellulose decomposition starts above 250°C [523K] and is more rapid than that 
of hemicellulose. Almost all the loss in mass for cellulose occurs below 380°C 
with a maximum rate around twice that for hemicellulose. The devolatilisation of 
cellulose results in only around 15wt% of char - much less residual char than 
hemicellulose.  
Lignin is the least reactive component. It decomposes at a lesser rate than 
either hemicellulose or cellulose and although decomposition can start at below 
200°C, devolatilisation continues up to 600°C. Lignin also has the highest 
residual char which accounts for up to 50wt%.  
The selected biomass fuels, being a mixture of these three principal organic 
components show a thermal decomposition profile which is a superposition of 
the three. The mass-loss with respect to temperature for each fuel sample 
undergoing pyrolysis was measured at a heating rate of 10C/min from 50C to 
900C. The derivative of (total sample) mass loss with respect to temperature 
for the willow-A sample is shown in Figure 2-9. To illustrate the behaviour of the 
cellulose, hemi-cellulose and lignin content as described above, the range of 
the devolatilisation of each is superimposed on the plot. 
To model the rate of the reactions during pyrolysis, it is possible to measure the 
rate of mass loss at different temperatures and heating rates and derive 
reaction rate equations. This can be done by considering multiple reactions and 
deriving a reaction rate equation for each one (Scott et al., 2006). The model 
can be with reduced number of parallel reactions such as: solidgas;  
solidtar and solidchar  (Haseli et al., 2011b). The reaction rates of the 
cellulose, hemicellulose and lignin can also be used to model biomass pyrolysis 
(Gronli et al., 2002).  These analyses and models are important for processes 
which require detailed knowledge of pyrolysis products e.g. in liquid or gas 
biofuel production.  
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 Figure 2-9 – An example of the rate of volatile mass-loss with respect to 
temperature for a sample of willow undergoing pyrolysis  
(<90m particles in nitrogen) 
 
For higher heating rates such as applicable to pulverised fuel furnaces, the 
apparent devolatilisation reaction rate will be dominated by the initial reaction 
rate (i.e. That around 180-230C [450-500K]). The faster devolatilisation 
reactions at higher temperatures will effectively occur contemporaneously if the 
temperature of the particle exceeds ~500C [773K] before the initial reaction 
has completed. A parallel-reaction model is not necessary in this case and a 
useful approximation can be obtained by assuming a first-order, single step 









𝑚𝑣𝑜𝑙 is the mass of volatile material at time 𝑡  




The reaction rate coefficient can be described by the Arrhenius equation as a 
function of temperature: 
 𝑘𝑣𝑜𝑙 = 𝐴𝑣𝑜𝑙  𝑒𝑥𝑝 (
−𝐸𝑣𝑜𝑙
𝑅𝑇
)  (2-13) 
 
Where: 
𝐴𝑣𝑜𝑙  is the pre-exponential constant or frequency factor [s
-1] 
𝐸𝑣𝑜𝑙 is the activation energy [J mol
-1] 
𝑅 is the gas constant (=8.314 J mol-1K-1) 
𝑇 is the temperature (K) 
The rate of mass loss during devolatilisation can be measured using thermo-
gravimetric analysis. The resulting data can be used to calculate the reaction 
rate parameters. Rearranging equation (2-13) by taking the logarithm of each 
side gives: 




Using the thermo-gravimetric data, 𝑘𝑣𝑜𝑙 can be calculated from equation (2-14) 
for each measured point of temperature. This allows a plot of ln 𝑘𝑣𝑜𝑙versus 1 𝑇⁄  
to be made. A least-squares linear regression line of the form 𝑦 =  𝑎𝑥 +  𝑏 can 
be fitted to the plot. The coefficients of the linear equation give the activation 
energy and pre-exponential constant: 
 𝐸𝑣𝑜𝑙 =  −8.314. 𝑎 (2-15) 
 𝐴𝑣𝑜𝑙 =  𝑒
𝑏 (2-16) 
The data for the selected biomass fuel samples are plotted in this manner in 
Figure 2-10, while those for the selected coal samples are plotted in Figure 
2-11 for comparison. The parameters characterising the devolatilisation kinetics 
are presented in Table 2-11.  
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Figure 2-10 - Devolatilisation reaction rate coefficient, k (logarithmic scale) 
versus reciprocal of temperature (1/T) for biomass fuel samples 
 
Figure 2-11 - Devolatilisation reaction rate coefficient, k (logarithmic scale) 
versus reciprocal of temperature (1/T) for coal samples 
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K kJ mol-1  s-1 %mvol R2 
start peak     from to  
willow A 450 595 80 11.5 1 6 0.970 
willow B 450 598 58 6.3 1 8 0.992 
wood pellet A 460 606 86 12.4 1 6 0.980 
wood pellet B 450 606 71 9 1 8 0.930 
wood pellet C 450 605 64 7.3 1 8 0.979 
pine 450 597 61 7 1 8 0.986 
eucalyptus 450 601 62 7 1 8 0.981 
wheat straw A 420 554 59 7 1 6 0.980 
wheat straw B 450 566 55 5 1 8 0.981 
rape straw 450 591 70 9.3 1 6 0.994 
miscanthus A 420 619 76 12 1 8 0.983 
miscanthus B 450 599 68 8.3 1 8 0.981 
S-E pellet 400 597 37 1.6 1 6 0.994 
olive residue 380 547 76 12.9 1 6 0.990 
coal A 590 737 71 5.4 5 15 0.730 
coal B 580 752 75 6.5 5 13 0.965 
coal C 590 697 65 4.4 5 15 0.957 
 
2.3.10 Thermogravimetric analysis of char oxidation  
The final stage of combustion is the oxidation of the fixed carbon in the fuel. The 
removal of volatile material from a fuel particle, in the absence of oxygen (e.g.; 
in a nitrogen atmosphere) produces a “char” particle which is made of highly 
porous activated carbon along with the retained inorganic content.  In an 
atmosphere containing  oxygen such as inside a furnace, the char is oxidised to 
CO and CO2. Although this oxidation reaction proceeds at higher temperatures 
than the devolatilisation, particles in a furnace can reach char combustion 
temperatures well before devolatilisation is complete. Consequently, there is not 
a clear distinction between the end of devolatilisation and the start of char 
combustion. 
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The char burn-out requires that oxygen diffuses into the particle where it is 
adsorbed and reacts with the carbon. The products (CO and CO2) are then 
desorbed and diffused out of the particle. The CO may then further burn to CO2 
by a gas phase reaction(Van Loo and Koppejan, 2008). 
Some of the principal reactions involved are: 
C(s) + O2(g)  CO2(g) (2-17a) 
2C(s) + O2(g)  2CO(g) (2-17b) 
C(s) + CO2 (g) 2CO(g) (2-17c) 
2CO(g) + O2 (g) 2CO2(g) (2-17d) 
In modelling the heterogeneous reactions between the solid carbon and the gas 
phase reactants (2-17a-c), the chemical kinetics, mass transfer of reactants and 
products, heat generation in the reaction and heat transfer in the particle should 
all be accounted for (Gremyachkin, 2006).  These aspects of the process are 
dependent on several variables: the reactivity, the particle size; the porosity of 
the particle structure, internal surface area and the internal heat transfer. Many 
of these variables change as char combustion proceeds, and the interactions 
between all of them can be very complicated. Nevertheless, it is possible to 
model the apparent behaviour using a reduced the number of variables. In the 
case of char oxidation, a generic gas-solid reaction model (Khawam and 








𝑚𝑐ℎ𝑎𝑟 is the mass of char material at time 𝑡 (excluding ash fraction)  
𝑘𝑐ℎ𝑎𝑟 is the char reaction rate coefficient [s
-1] 




The function 𝑓(𝜒) in the model reflects how the (isothermal) reaction rate either 
accelerates, decelerates or remains constant as the char conversion proceeds. 
In the case whereby the reaction rate is directly proportional to the char 
conversion the function 𝑓(𝜒) is: 





Changes in char structures can increase or reduce porosity, internal surface 
area as the particle burns. For example, the effective surface area will change 
as the particle shrinks either with a constant density (shrinking core) or a 
constant volume (decreasing density) or a combination of both. To account for 
this, equation (2-19) can be modified to include an apparent reaction order, 𝑚, 
such that the reaction rate model becomes: 
 𝑓(𝜒) = (1 − 𝜒)
𝑚 (2-20) 
Other gas-solid reaction models include those based on differing physical 
processes such as ‘power law’ and ‘Avrami-Erofeyev’ nucleation models, and 1-
D, 2-D or 3-D diffusion models (Khawam and Flanagan, 2006). With specific 
reference to biomass, models based on the development of the pore structures 
in wood char have been evaluated in a study by Janse et al. which concludes 
that the form given in equation (2-20) provides an accurate description for chars 
produced from rapid heating (Janse et al., 1998).  In a study by Di Blasi, 
variations on this form of reaction model were compared for lignocellulosic 
chars (Di Blasi, 2009) with values of 𝑚 in the models ranging from 0.4 to 1.8 
and 𝑚 equal to unity or close to unity for many of them. The simple form of first 
order model given by equation (2-19) can be a good choice as a first 
approximation and has been adopted by others evaluating combustion reaction 
kinetics of biomass chars – for example (Fisher et al., 2012). For the purposes 
of a basic comparison of the selected fuels in this study, this first-order (𝑚=1) 
single step model is used.  
The reaction rate of the char oxidation, as a function of temperature, is 
modelled on Arrhenius reaction kinetics. The char reactivity is characterised by 
the pre-exponential factor and activation energy and these can be derived in a 
similar manner as described for the analysis for devolatilisation kinetics with: 
 𝑘𝑐ℎ𝑎𝑟 = 𝐴𝑐ℎ𝑎𝑟  𝑒𝑥𝑝 (
−𝐸𝑐ℎ𝑎𝑟
𝑅𝑇
)  (2-21) 
 
Where: 
𝑘𝑐ℎ𝑎𝑟 is the char oxidation reaction rate coefficient[s
-1] 
𝐴𝑐ℎ𝑎𝑟 is the pre-exponential constant or frequency factor [s
-1] 




Figure 2-12 – Example of a char mass-loss profile with respect to temperature 
for a sample of willow char undergoing combustion 
(<90m particles in air) 
 
Figure 2-13 – Char combustion reaction rate coefficient, k (logarithmic scale) 
versus reciprocal of temperature (1/T) for biomass fuels and coals  
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Figure 2-12 shows, for example, the measurements taken from thermo-
gravimetric analysis of willow-char undergoing combustion, with a heating rate 
of 10C/min from 200C to 600C. The reactivity data for the selected biomass 
and coal fuel samples are plotted in Figure 2-13. The derived parameters 
characterising the char combustion kinetics are presented in Table 2-12.  The 
conversion range for which these are evaluated is no more than 40 percent in 
order to obtain a good fit to the data (R2 value).   
While this analysis is based on a much simplified mode of the char reaction 
kinetics (single-step, first-order), the reactivity parameters presented show 
similarities among most of the biomass materials (91 <Echar < 111). The notable 
exception is the olive residue which also has a distinctly different molecular 
composition compared with the other fuels (see Figure 2-2).   














K kJ mol-1  s-1 %mchar R2 
start peak     from to  
willow A 520 682 95 11.5 1 30 0.991 
willow B 500 681 92 10.9 1 30 0.981 
wood pellet A 580 729 108 13.4 1 35 0.993 
wood pellet B 560 700 101 11.3 1 30 0.910 
wood pellet C 560 705 108 13.4 1 35 0.991 
pine 500 645 92 11.6 1 40 0.996 
eucalyptus 540 703 94 10.5 1 30 0.981 
wheat straw A 500 623 95 12.5 1 30 0.993 
wheat straw B 500 626 111 16.0 1 40 0.991 
rape straw 520 631 93 12.1 1 30 0.990 
miscanthus A 500 642 91 11.3 1 30 0.922 
miscanthus B 550 703 105 12.4 2 30 0.978 
S-E pellet 540 670 99 12.1 1 20 0.972 
olive residue 700 770 205 25.5 1 20 0.930 
coal A 590 738 159 20.4 1 20 0.996 
coal B 580 751 120 13.3 1 20 0.996 




The fundamental characteristics of fourteen biomass samples and the means of 
determining these characteristics have been presented. The characteristics 
have been presented graphically and discussed to illustrate the similarities and 
differences between different types of biomass and also with some coals. This 
has shown the variability in this small selection of biomass fuels. The variability 
is not just across different types of plant or wood but also across materials 
ostensibly of the same type.   
The samples were selected as representative of fuels used in large scale power 
generation, the combustion behaviours of which are the subject of the following 
chapters. Some or all of the fuels characterised in this chapter are also used in 
the experimental studies presented in Chapters 3-5. Some of the data 
presented in this chapter are also used in analyses and discussions in later 
chapters. In particular, the results of proximate analysis are used in analyses in 
Chapters 3, 4 and 5 for accounting for moisture and ash content in the fuels. 
The thermogravimetric data are referred to in the last chapter in which 
modelling of the devolatilisation and char oxidation adopt the kinetic parameters 






Chapter 3  
Flame combustion experiments on single particles of solid 
biomass 
3.1 Introduction 
In this chapter, the relationships between particle size/shape/mass and the time 
required for full combustion (burn-out) are investigated. An experimental 
method for measuring the duration of various stages of combustion of single 
particles of biomass is described. A large data set obtained from three fuel 
samples in this experiment is presented and a further ten fuels are examined 
using the same method. Empirical expressions to describe the relationship 
between particle mass and characteristic combustion times are derived from the 
data.  
3.1.1 Pulverized fuel 
In large scale pulverized-fuel (p.f.) boilers, the solid particles of biomass (and/or 
coal) are introduced into a high temperature environment of the combustion 
chamber. At full load, the flame temperatures may be above 1500C (1773K) 
and the particles of fuel are very rapidly heated as they enter the flame. The fuel 
particles will be entrained in the flow of hot gases in the combustion chamber. 
While this is designed to be turbulent in the primary combustion zone to 
promote mixing with the air, there is a net flow of the combustion gases over the 
upper end of the boiler and then down to the flue gas exit. The entrained 
particles therefore have a finite period of exposure to the combustion 
environment – often referred to as the “residence time”. The residence time 
must be appropriate to allow the particle to completely combust before the 
remnant ash particle passes out into the flue (and flue gas treatment plant). In a 
large scale boiler in a power generation plant on full load, the residence time is 
only a few seconds - typically less than two. If the particle of fuel entering the 
boiler is small enough, it will completely combust in the initial combustion zone. 
Larger particles may not “burn-out” until much nearer the back of the boiler (i.e. 
the flue gas exit) or may even pass through to the flue before fully burning. Very 
large particles may be so weighty that they fall out of the gas flow altogether 
90 
and accumulate in the bottom ash before they have fully combusted.  The 
control of particle size is therefore imperative in achieving efficient “burn-out” 
and thereby effective conversion of the fuel energy to thermal energy (and 
ultimately to electrical energy).  
 
Figure 3-1 –biomass fuel particle trajectories and their respective residence 
times[s] from a CFD model of a pulverized fuel boiler  
source:(Darvell et al., 2014) 
Whereas coal can be broken-down to <50µm particle sizes through milling, 
similar milling effort on woody biomass can result in a spread of particle sizes 
and shapes ranging up to 3mm or so (Van Loo and Koppejan, 2008). Since 
most solid biomass fuels have around 80% volatile content and generally less 
than 20% “fixed carbon”, the burning profile differs somewhat from that of coal. 
Biomass combustion in furnaces designed for pulverised coal therefore needs 
careful consideration to ensure effective operation. The volatile combustion 
stage will tend to produce more rapid release of fuel energy in the early part of 
the furnace (Gubba et al., 2012). Larger particles can extend the period of heat 
release in this stage but the remaining char will also have an extended burn-out 
time; this can be at the expense of a high proportion of un-burned char passing 
through to the ash (Gera et al., 2002) or particles dropping out of suspension 
unburned in the furnace. Achieving a good balance between milling effort, heat 
release profile and char burn-out is therefore one of the main challenges for 
efficient use of biomass in conventional plant.  
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Achieving a consistent particle size distribution and a small particle “top” size 
(i.e. maximum particle dimension) is, as discussed in Chapter 1, challenging 
owing to the fibrous nature of lignocellulosic materials.  Furthermore, different 
types of biomass materials of the same particle size may burn at different rates.  
It is therefore very useful for the operators of large scale boilers to be sure that 
the biomass fuel is milled optimally to achieve the maximum practical burn out 
efficiency without excessive milling effort. Knowledge of the relationship 
between particle size and burn-out is therefore very important.  
3.1.2 Combustion of single particles 
The combustion of a particle of biomass fuel placed in a high temperature flame 
proceeds through a number of different processes: loss of moisture, 
devolatilisation and char combustion. While these processes are distinct there 
can be considerable overlap between the end of one process and the start of 
the next. Nevertheless, it is useful in the analysis of the overall process to 
distinguish different stages of combustion associated with the predominant 
individual processes. These stages can be identified as:  
ignition delay – the period in which moisture is evaporated from the 
particle and the particle heats up before the ignition of the first volatile 
flame  
volatile combustion – the period in which the particle is predominantly 
undergoing devolatilisation and  thereby producing a flame from the 
volatile matter 
char combustion – the period in which the devolatilised char particle is 
predominantly undergoing oxidation reaction 
burn-out – the point at which the char ceases to burn so the remaining 
particle is entirely ash   
ash decomposition– if the ash particle is retained in the high 
temperature combustion environment, there can be volatilisation or other 
phase transitions of certain inorganic components  
For a given fuel in a certain combustion environment, the duration of each stage 
is dependent on a number of variables including the particle dimensions and 
shape, moisture/volatile/char content, thermal conductivity and heat capacity 
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and reaction kinetics. The influence of each of these variables can be 
investigated by modelling. In order to inform and validate any model, it is 
necessary to gather relevant empirical data. 
Experiments on single particles of biomass have practical limitations in 
replicating the conditions in a pulverised fuel (p.f.) furnace. Nevertheless, there 
have been a number of experimental methods documented which examine 
combustion behaviour of biomass particle dimensions in the order of 1mm 
(Flower and Gibbins, 2009, Lu et al., 2010, Lu and Baxter, 2011, Gubba et al., 
2011, Momeni et al., 2012). These have investigated the influence of variables 
including particle size and shape, gas temperature and oxygen concentration 
with the intention of informing and validating models.  
Flower and Gibbins (Flower and Gibbins, 2009) developed apparatus in which 
single particles of biomass were suspended on a wire mesh and heated to 
900°C in less than 0.5 seconds using an electrical element radiant heater. 
Experimental data for the drying, devolatilisation and char burn-out were 
obtained for European Ash wood with differing moisture contents. Despite 
having fewer data points this experiment offers one of the more directly 
comparable sets of results to those presented in this chapter. 
Lu et al. (Lu et al., 2010) suspended single particles in an enclosed chamber 
reactor with a pre-heated air/nitrogen feed and internal heating elements 
enabling gas temperatures up to 1037°C. Using poplar wood and hardwood 
sawdust particles in the size range 0.3 – 9.5mm, the experiment focussed on 
the effects of shape differences on devolatilisation times, demonstrating that 
shape and aspect ratio differences affect the heat transfer and thereby show 
measurable differences in pyrolysis rates. Lu and Baxter (Lu and Baxter, 2011) 
proceeded to directly measure the internal thermal gradients produced in these 
conditions using thermocouples in the centre and surface of 11mm diameter 
particles. The data from this were used for validating CFD modelling by Gubba 
et al. (Gubba et al., 2011). 
Momeni at al. (Momeni et al., 2012, Momeni et al., 2013) developed 
experimental apparatus using a gas burner and mass flow controllers to control 
the temperature and oxygen concentration in a vertical tube reactor in which 
single particles were placed for observing the combustion behaviour. The 
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experiment examined ignition, devolatilisation and char burn-out for cylindrical 
particles with similar mass (12.5mg) with aspect ratios ranging from 1 to 6 and 
for gas temperatures ranging from 1200°C to 1600°C (with oxygen 
concentrations ranging from 5 to 20% for the burn-out tests).  In similar 
experiments Riaza et al. (Riaza et al., 2014) used a drop tube furnace and high 
speed camera on moving particles milled to <150m and measured burnout 
times for various biomass and oxygen concentrations. 
Investigation of the relationship between particle size and the duration of each 
of the principal combustion stages described above is the focus of the 
experimental study presented in this chapter.  
3.2 Description of the experiment 
In order to gather data on the duration of each combustion stage with respect to 
particle size (and shape), it is possible to perform simple visual examination of 
individual single particles of fuel, whilst they burn in a high temperature flame. 
By assigning visually observable criteria to the notional start and finish of each 
stage of combustion, it is possible to make consistent and comparable 
measurements of the duration of ignition delay, volatile flame combustion and 
char burn-out. 
To facilitate observations and allow a certain degree of accuracy in the 
measurements, the visual examination can be undertaken by the use of a high-
speed video camera. The footage of the particle combustion can then be 
examined in slow-motion playback and/or stopped on a specific frame to identify 
the start and end of each process. 
The demarcation between each stage may not be clear since, as has been 
noted, there may be some overlap between the stages. Furthermore, it may not 
be possible to see the visual signs of the actual start of the volatile flame or the 
char burn. However, as will be demonstrated, if consistent criteria for defining 
the start and end of each process by visual inspection are adhered to, the 
resulting data should also maintain a degree of consistency and be meaningful.  
Once the recorded data for the ignition delay, volatile burn and char burn-out 
have been obtained, they can be plotted against various characteristics such as 
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size, shape and moisture level to determine correlations and, if possible, 
establish mathematical relationships for modelling purposes. 
3.2.1 Biomass fuel sample selection 
There were two phases to the experiment. The first phase examined in detail 
the relationship between, mass, size and shape with respect to ignition delay, 
volatile combustion and char combustion for three materials: pine; eucalyptus 
and willow B. The second phase of experiments examined a further 10 
materials but with fewer data points recorded in each experiment.  
In the first phase of experiments, a selection of three fuels was examined and 
data for particles in the size range 0.5mm – 5mm were obtained.  The initial 
sets of three fuels were examined with moisture levels at:  
a) “as received” - dried in ambient air in the laboratory;  
b) “wet” – with moisture added by soaking the particle in deionised water 
prior to the test 
The fundamental fuel characteristics of the three materials selected for 
investigation are presented with detailed narrative in Chapter 2 and summarised 
in the data sheets in appendix A. 
To achieve a higher level of statistical confidence in the analysis of the data, in 
these experiments, at least 100 tests were performed on each material. While 
not all of the measurements were valid (e.g. some particles dropped off the 
support before the end of char burn-out), the size of the data set for each set of 
measurements was at least 80.  
In the second phase of experiments with ten different solid biomass fuels, for 
expediency, the number of measurements was reduced to 28. Again, not all the 
measurements were valid. However, having established the form of the 
regression function for fitting the data in the first phase of the experiment, this 
was taken to be acceptable for fitting the reduced set of data in the second 
phase. The error range was evaluated in all cases.  
3.2.2 Sample preparation 
To afford reasonable estimation of particle volume and surface area, a regular 
particle shape is preferred. Samples were therefore cut to size using a razor 
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blade such that the fibrous ends of the particle were cut square. Loose fibres 
were removed. The resulting particle shapes were between a quasi-cuboid 
shape and a quasi-cylindrical shape as illustrated in Figure 3-2. 
 
Figure 3-2 - Prepared pine sample particles in the 2-4mm size range 
3.2.2.1 Measurement of size and shape  
Although the “top-size” of particles in a pulverised fuel furnace is not likely to 
exceed 3mm, the samples had linear dimensions in the range 0.5 – 5mm. While 
this range extends above what is likely in a p.f. application, it was necessary to 
provide enough data for identifying clear relationships while being practical for 
the scale of the experimental apparatus. 
The length, width and height of each cut particle were measured using a 
micrometer  (+/- 0.01mm).  While accurate measurement of the length of the 
particle is facilitated by cutting the ends square, only the principal dimension 
across the irregular sides of the particle could be measured. The following 
means of estimating volume and surface area of the particle were employed: (i) 
Calculate the volume and surface area of the cuboid which encloses the particle 
as measured; (ii) Calculate the volume and surface area of the ellipsoid cylinder 
that has the same principal dimensions; (iii) Assume that the actual volume and 
surface area are between the two values and use the mean as an estimate. The 
principle is illustrated in Figure 3-3. 
 
Figure 3-3 - Estimating the cross section of the particle 
Dashed lines: notional regular-shaped 
cross-section 
Red line: actual particle cross-section 
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The mass of each particle was recorded “as received” using an electronic 
balance with a precision of +/- 0.01 mg.  Experimental results were analysed 
with respect to the dry mass of each particle which was derived using the 
moisture content measured by standard method EN 14774-3 for the bulk 
material. The apparent density of the particle was calculated using the dry mass 
and estimated volume. 
3.2.2.2 Controlling the moisture content 
The “as received” moisture content of the materials was determined by 
weighing before and after oven drying in accordance with the standard method 
for determining moisture content (Standard, 2009a).  
In order to investigate the effects of higher moisture content, a sub-set of pine 
particles was simply immersed in deionised water for a period in excess of 24 
hours to allow the moisture to soak into the centre of the particle. This method  
required the quantity of water in which the particle was immersed to be in 
excess of the amount absorbed. Although it was attempted to minimise this by 
sealing the particles in polythene sachets, the excess water unavoidably 
resulted in some leaching, and therefore, some loss of soluble salts from the 
particle in this process. 
Particles prepared in this way were removed from the water and excess surface 
water removed with an absorbent paper towel lightly pressed on the surface. 
The wet mass of the particle was then weighed and the proportion of moisture 
in the particle determined using an estimated dry mass. Where moisture content 
is referred to in this context, it is defined as: 
 𝑀 =  
𝑚𝑤
𝑚𝑤 +  𝑚𝑑
 (3-1) 
 where: 
𝑀 is the mass fraction of moisture in the particle  
𝑚𝑤  is the mass of moisture in the particle 
𝑚𝑑  is the dry mass of the particle 
 
 
In the ambient conditions in an air conditioned laboratory, moisture will 
evaporate from the particle surface rapidly and the particle will dry quickly (in 
the context of the duration of the experiment). Combustion tests were therefore 
commenced as soon as possible after removal from immersion and the length 
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of the delay was recorded and kept consistent as far as reasonably practical. 
Prior to undertaking the combustion tests on wetted particles, the rate of 
moisture loss from a particle in ambient air was assessed using the following 
method:.   
(i) Laboratory conditions were recorded as: 23°C ±1°C with 32% relative 
humidity. 
(ii) Selected particles were removed from immersion and excess water 
removed. They were then placed directly onto a weighing pan open to 
the ambient air and the mass recorded at timed 1-minute intervals over a 
period of 20 minutes to 1 hour depending on the rate of moisture loss. 
(iii) The resulting mass-loss data plotted against time showed a weak 
exponential decay as is consistent with several models for drying of 
particles (Hall, 1987, Hosseinabadi et al., 2012). The data were fitted to 
least-square regression lines with the function: 
 𝑚𝑤 = 𝑚𝑤0 × 𝑒
−𝑡
𝜏⁄  (3-2) 
 where: 
𝑚𝑤0 is the initial mass of moisture in the particle 
𝜏 is a characteristic time constant. 
 
 
Since particles of different sizes and shapes have different drying rates, a 
function for estimating the drying rate based on the particle’s physical 
dimensions is required. Since drying rate is related to the relative surface area 
available for moisture to evaporate, it was assumed it could be derived from a 
function the particle’s surface-area-to-volume ratio. The time constants for each 
particle determined previously were then plotted against their surface area to 
volume ratio and a best-fit polynomial function was determined from least-
square regression. The resulting function is then a drying time–constant as a 
function of surface area to volume ratio. This  provides a means of modelling 
the rate of moisture loss for particles of varying sizes and shapes. A comparison 
of the measured data and the modelled data, for two batches of pine particles 
(A1-5 and B1-4) is presented in Figure 3-4. This analysis provides a guide to 




Figure 3-4 - Moisture loss curves for 9 particles of pine of varying sizes 
During the single particle combustion experiments, the typical time taken from 
weighing the particle to the start of combustion was 90 seconds. Table 3-1 
shows that the reduction in the particle moisture content was not more than 3% 
(of total mass) after 2 minutes exposure.  















 mm3 mg mg   
A1 36.40 14.32 36.13 60% 60% 
A2 22.26 9.89 22.28 56% 55% 
A3 10.68 4.53 11.16 59% 58% 
A4 24.15 12.16 24.87 51% 50% 
A5 8.27 3.40 9.05 62% 61% 
B1 27.28 12.21 32.85 63% 62% 
B2 9.90 4.73 12.25 61% 60% 
B3 11.02 4.01 12.94 69% 68% 
B4 6.44 2.84 6.56 57% 54% 
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3.2.3 Fuel particle support and flame-shield  
The experimental method required that the single particles of solid biomass 
being studied should be suspended in the centre of a methane flame with 
consistency and with the ability to focus video and thermal imaging cameras on 
the particle while it is burning.  A single particle combustion experimental 
apparatus was built for the purpose of supporting the particles in a Méker 
burner flame at a stable and consistent position. The apparatus incorporated a 
movable protective water-cooled sleeve to shield the particle from the flame 
prior to exposure.  For most biomass samples, the particle was impaled on a 
steel needle which was, in turn, supported in a twin-bore ceramic tube as shown 
in Figure 3-5. For accuracy of the time measurement, the particle must be 
exposed to the methane flame in an instant that can be indexed as t=0.  This is 
achieved by protecting the particle in the sleeve while the methane flame is 
established. The sleeve, which is mounted on linear bearings is then withdrawn 
rapidly thus exposing the particle to the flame in less than 0.1 seconds. The test 
rig is shown in Figure 3-6. 
 
 




Figure 3-6 – Single particle combustion apparatus showing burner, adjustable 
support and water-cooled moveable sleeve 
3.2.4 Gas burner  
It is important that the natural gas (methane) flame environment is consistent for 
each test. To provide a uniform flame temperature in the horizontal plane, a 
large diameter (40mm) uniform flame was produced using a Méker burner. To 
ensure consistency, the test rig was adjusted to maintain the particle at a fixed 
level above the top-centre of the burner - well within the stable part of the flame. 
The velocity of the flame was measured to a first approximation by capturing 
high speed video of burning dust particles dropped into the flame. A velocity of 
3 ms-1 was estimated for the stream in the centre of the flame. This, along with 
the thermal and fluid characteristics of the gas may be used to calculate a 
Reynolds number and Nusselt number required for calculating heat transfer to 
the particle. The thermal environment (surrounding gas temperature and 
temperature of enclosing surfaces) and the oxygen concentration are important 
factors in the combustion behaviour of the single particles. In the experiment, 
these have been measured and are taken to be not significantly variable from 
one test to the next. 
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3.2.4.1 Oxygen concentration 
The oxygen concentration in the Méker burner flame is key in the combustion 
reaction kinetics. It is therefore important that this was also consistent for each 
test. Furthermore, knowledge of this is required in the context of modelling or 
verifying models.   
To determine the likely oxygen concentration in each single particle combustion 
run, measurements were made on the stand-alone Méker burner. The burner 
was set up with a fixed, quartz, gas-probe (O.D. 2.5mm, I.D. 0.8mm) positioned 
in the centre of the flame. The burner was mounted on a moveable support 
which allowed the position of the probe relative to the burner to be adjusted 
precisely in both horizontal and vertical axes. The natural gas supply pressure 
was taken to be at supply standard pressure of 21mbar +/- 2mbar. With a 
natural gas flame established, the gas mixture in various parts of the flame was 
sampled with the probe and passed, dry, through a Horiba VA-3000 gas 
analyser. The measured concentration was adjusted to account for water 
vapour content (estimated at 11% of sampled gas). The oxygen concentration 
measurements (by volume) are plotted on a colour-contour plot in Figure 3-7. In 
the region between 10 and 40mm above the top of the burner, the oxygen 
concentration was measured 9.0%  0.5. 
 
Figure 3-7 – Measured oxygen concentration in Méker burner natural gas flame 
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3.2.4.2 Flame temperature  
The temperature of the Méker burner methane flame was measured using an 
R-type thermocouple (in the absence of a single particle sample) at 5mm height 
intervals above the burner grill and also at 5mm radial intervals from the centre.  
Measurements for each point were logged for 30-60 seconds and the mean 
taken to smooth out noise and variance in the signal. At such high temperatures 
with the surrounding conditions at ambient 300K, the radiative heat loss from 
the thermocouple has to be accounted for as described by Bradley and 
Matthews (Bradley and Matthews, 1968) using the equation: 






𝑇𝑔𝑎𝑠 is the gas temperature 
𝑇𝑡𝑐 is the thermocouple temperature 
𝜎 is the Stefan-Boltzmann constant (5.67 x 10-8 W m−2 K−4) 
𝜀 is the emissivity of platinum-rhodium at temperature 𝑇𝑡𝑐 
ℎ𝑡𝑐  is the convective heat transfer coefficient of the thermocouple 
in the gas flame 
The emissivity of platinum was derived from data presented by Bradley and 
Entwistle (Bradley and Entwistle, 1961) and calculated as an approximated 
function of the measured temperature as: 
 𝜀𝑃𝑡 = 0.1408 ln(𝑇) − 0.8238 (3-4) 
To determine the thermal heat transfer coefficient, the Nusselt number and gas 
thermal conductivity are required. The Nusselt number can be derived using the 
Ranz-Marshall approximation for the thermocouple bead (Hindasageri et al., 
2013) which is given as:   
 𝑁𝑢 = 2 + 0.6𝑅𝑒1/2𝑃𝑟1/3 (3-5) 
 where: 
𝑃𝑟 is the Prandtl number (0.71)   







𝑈𝑔𝑎𝑠  is the velocity of the gas flow  (3.0 ms
-1) 
𝜐𝑔𝑎𝑠 is the kinematic viscosity of the gas (0.0001 m
2s-1) 
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𝐷𝑡𝑐  is the diameter of thermocouple (0.45mm) 
giving the values: 
 𝑅𝑒 = 13.4 
𝑁𝑢 = 3.96 
The thermal conductivity of the gas was derived  from data on air (Shpilrain, 
2011) and derived as an approximated function of measured temperature (𝑇) 
as: 
 𝜆𝑔𝑎𝑠 = 6.33 × 10
−5 𝑇 + 8.08 × 10−3  W m-1 K-1 (3-7) 
The thermocouple wires were 0.15mm thickness and the exposed leads were 
~8mm from the ceramic sheath. The thermal conduction heat loss was 
neglected as being less than 1% - which is lower than the noise on the 
measurement samples.  
An additional error arises from the use of an uncoated platinum thermocouple. 
Platinum can catalyse reactions on the surface of the thermocouple, the energy 
from which can affect the temperature of the thermocouple. The recorded 
temperature is therefore likely to be somewhat higher than the average 
temperature of the flame. An alternative estimate of the flame temperature is 
therefore necessary. The adiabatic flame temperature may be calculated using 
CHEMKIN, a proprietary chemical equilibrium modelling software for gas-phase 
reactions. The flame chemistry was assumed to be methane (CH4) combusted 
in excess air. The fuel-air ratio was selected to correspond with the measured 
O2 concentration in the flame. For an O2 concentrations in the range 9.0%  0.3 
(see 3.2.4.1), the corresponding flame temperature was calculated to be 1570K 
30K. The calculation parameters and corresponding flame temperatures are 
as summarised in Table 1-1.  
Table 3-2 - Flame temperatures estimated from chemical equilibrium calculation 
 
Reactants Products Equilibrium 
 CH4 O2 N2 CO2 H2O O2 N2 temperature 
mol fraction 0.053 0.199 0.748 0.053 0.106 0.093 0.748 1540K 
mol fraction 0.054 0.199 0.747 0.054 0.109 0.090 0.747 1574K 
mol fraction 0.057 0.198 0.746 0.057 0.111 0.087 0.746 1603K 
Initial temperature: 298K 
Constant pressure: 1 atm 
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The Méker burner flame temperature measurements are plotted on a colour-
contour plot in Figure 3-8. A consistent and stable region of temperature can be 
identified between 15 and 30mm above the top of the burner and within 5mm of 
the centre line. The measured temperature in this region is measured as 
between 1650K and 1700K which is some 100K higher than the estimated 
value. In later analyses (Chapter 6), a flame temperature of 1600K is assumed. 
To reconcile the measured and calculated flame temperatures, a large margin 
of error ( 60K) must be declared. To mitigate for this uncertainty the 
temperature of the particle surface was also measured (see 3.2.7) and used for 
model validation (chapter 6).  
 
Figure 3-8 – Measured temperature of Méker burner natural gas flame 
3.2.5 Video camera 
The experimental method involves capturing the image of the burning particle 
on digital video and subsequently extracting the timing of the start and end of 
each of the combustion processes by visual examination. To identify the timing 
of the events with sufficient accuracy, a high frame speed is required. A FujiFilm 
Finepix HS10 digital camera with high speed video capability and close up 
focussing was selected for this purpose. A video speed of 120 fps was generally 
used – giving a resolution of measurement of 8.3ms. 
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For consistency of video footage, the camera was placed in the same position 
on each run: level with and 200mm from the lens to particle position as shown 
in Figure 3-9. The particle height above the burner was set at 20-25mm such 
that it was maintained in the region of stable temperature and oxygen 
concentration as described above. 
 
Figure 3-9 - Particle position with respect to Méker burner and camera 
Standard digital video editing software packages are available which cater for 
activities requiring stop frame and single frame advance (i.e. video editing) - 
suitable for the requirements of analysing images of single particle combustion. 
Use of such software (Quicktime Player version 7.7.4) allowed frame numbers 
to be identified and the timing between frames simply determined from the 
selected frame speed.  For the purposes of improving the clarity of images, it 
was found that the ability to adjust the contrast, brightness and colour filters on 
the video was useful, especially in the identification of the start and end of a 
volatile flame and the end of char burn-out. 
3.2.6 Event Identification 
The following criteria were adopted as the definitive means of demarcating the 
different stages of combustion as described in section 3.1.2. 
(i) Exposure to gas flame 
The point at which the particle is initially exposed to the gas flame is 
simply determined by identifying the first video-frame in which the entire 
particle is visible.   
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(ii) start of volatile combustion 
After the initial ‘ignition delay’ during which the moisture in the particle is 
evaporating, the first signs of devolatilisation become visible by the 
appearance of a pale orange flame above or to the side of the particle. 
However the appearance of this is subject to variability since some 
particles have small protruding parts which can devolatilise before the 
main body and so misleading spurious flames are sometimes visible 
before the main flame starts. A more consistent and reliable criterion for 
determining the start of volatile combustion is the appearance of a 
luminous flame above the particle. To assist in identifying the first frame 
in which this appears, the contrast control for the video image was set to 
its maximum. The start time of the first frame of the video in which a 
continuous flame is clearly visible is defined, for the purposes of this 
study, as the start of the volatile combustion.  The identification of this 
was simplified by the practice of finding a frame with a strong volatile 
flame visible and running the video backwards frame by frame until it was 
no longer visible.  
(iii) end of volatile combustion 
As the volatile content of the particle is exhausted, the volatile flame 
reduces and finally disappears. To assist in identifying the first frame in 
which the flame ceases to be visible, the contrast control for the video 
image was set to its maximum.  The end time of the last frame in which 
the strong flame is visible is defined, for the purposes of this study, as the 




frame 1  frame 2   frame 3 
Figure 3-10 – Identifying the end of the volatile flame 
 In this example, the end of the volatile flame is taken to be the end of frame 2 
(iv) start of char burn 
In the entrained gas flow, the particles do not burn evenly since the 
leading edge of the particle in the flame is subject to a higher heat 
transfer than the trailing edge. One effect of this one-sided heating is that 
the bottom of the particle commences char combustion before the top 
part of the particle has completed devolatilisation (see Figure 3-11). 
Demarcating the start of the char combustion stage is therefore difficult to 
distinguish. For the purposes of the experiment, a consistent and well-
defined criterion for identifying the start of char combustion is required 
and, for convenience, it is taken to be coincident with the end of the 
volatile flame burn. It is recognised that parts of the particle are 
combusting as char before the volatile flame has ceased so this measure 
is not exactly coincident with the actual char combustion process in  its 
entirety. Since this overlapping has been disregarded in the 
measurements, there is a discrepancy between the measured and actual 
char burn duration. However, the observed measure is directly related to 




    
Figure 3-11 – Char combustion video images 
In this example, the char combustion can be seen starting in the lower part of 
the particle in the first frame. Subsequent frames show the bright glow of the 
char reaction eventually engulfing the entire particle. 
(v) end of char burn 
The char burn is visually characterised by a luminous gas stream above 
the particle. This has the appearance of a weak flame although it is not 
produced by combusting volatiles but from the heated CO and CO2 
gases emanating from the char oxidation.  As the char combustion 
proceeds, the particle steadily shrinks. At the approach to char burn-out, 
there is a brief crescendo in brightness of the ‘flame’ which is followed by 
a more rapid shrinkage and a diminishing in brightness  until only a 
particle of amorphous ash remains. The intensity of the luminous 
emission brightness can be used as a marker to demarcate the end of 
char combustion. Adjusting the contrast and the brightness of the image 
assists in the identification of the point at which the emission stops. For 
the purposes of this study, the end of char burn is defined as the last 
frame in which a discernible bright emission or ‘flame’ is apparent above 
the particle after the final rapid particle shrinkage (see Figure 3-12). It 
can be seen from the figure that the transition between frame 2 and 
frame 3 is less distinct than in the case of the volatile flame identification. 
This introduces a significant level of variability into the measurement 
since it is not always possible to identify a specific frame in which this 
occurs but rather a range of frames. The error introduced from the 
indistinct nature of the visual identification is estimated at +/- 5% of the 




frame 1  frame 2   frame 3 
Figure 3-12 – Identifying the end of char burn 
 In this example, the end of the char burn is taken to be the end of frame 2 
3.2.7 Thermographic imaging 
Measurement of the particle temperature directly during combustion is 
problematic for small particles. While it is possible to use a thermocouple 
inserted into a hole inside the particle as in the experiments by Lu and Baxter 
(Lu and Baxter, 2011), this is impractical for particles with dimensions less than 
5mm and requires modification of the particle itself. Measurement of the surface 
temperature of the combusting particle in the gas flame is possible by use of a 
thermal imaging. In this study, an infra-red thermographic camera was used for 
this purpose. The camera used was a FLIR A600 series which employs a  focal-
plane-array thermal detector with a measurement range up to 2273K. The 
sensitivity of the device is specified as 0.05K with an accuracy tolerance of 2% 
of reading (i.e. 30K at 1500K).  
An example of the thermal images obtained of a particle of pine at different 
stages of combustion in the methane flame is shown in Figure 3-13. This 
shows, from left to right: (i) initial exposure to the flame with the lower edge 
heated but rest of particle still cool; (ii) during devolatilisation with the particle 
heated, but top surface cooler, due to cooling effect of volatile release; (iii) after 
devolatilisation with the whole particle at high temperature; (iv) advanced char 
combustion stage. 
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 (i)   (ii)   (iii)   (iv)  
Figure 3-13 – Thermal imaging of a particle of pine undergoing combustion 
The images are derived from the intensity of the infra-red radiation detected by 
the thermal detector in the camera. The temperature of the particle’s surface 
can be derived from the data although it is necessary to account for the 
emissivity of the surface. The emissivity of wood has been reported as varying 
between 0.83 and 0.89 at 333K (López et al., 2013).  An emissivity of 0.85 for 
char has been used in surface temperature measurements of particles in 
fluidised bed combustors by Salinero et al. (Salinero et al., 2016).  These 
reported values suggest that an emissivity of 0.85 is a reasonable assumption 
to take for the entire range of the combustion process being observed and this 
was the value adopted for the derivation of temperatures from the thermal 
imaging. Figure 3-14 shows an example of the surface temperature time-history 
profile of a combusting pine particle. The points on the profile relating to images 
in Figure 3-13 (i)-(iv) are indicated.  
 
Figure 3-14 – Surface temperature profile derived from thermal imaging 
111 
3.2.8 Data processing and statistical analysis 
For each individual particle experiment, the particle dimensions, particle mass, 
moisture content, ignition delay, volatile flame duration and char-burn duration 
were recorded. In the initial presentation of the results, the timed measurements 
are plotted against the mass of a dry particle. This was derived from the 
measured mass and adjusted for the as-received moisture content. The dry 
mass has been adopted to allow more meaningful comparison between 
different materials. After the initial drying and onset of ignition, the important 
mass of material in the particle is the dry mass so it is reasonable to use this in 
the context. 
To evaluate and compare the timed duration of each combustion stage and the 
total burn out time with respect to the particle mass, the data were 
characterized by a regression function. This is helpful for comparing the 
behaviour of different materials and a useful basis for validating models.  Visual 
inspection of the data, shows strong correlations which should allow fitting of 
the data to a regression function. There is also notable noise and spread in the 
data both from variability in the samples and measurement error. It is important, 
therefore, that determination of a “best-fit” regression function is accompanied 
by error quantification. Statistical analysis of the data was performed using  IBM 
SPSS Statistics version 21 software. Each set of measurements for each 
sample were assessed for fitting to both a linear regression and a power 
function regression. It is noted that the results of others’ single particle 
experiments have previously approximated to linear functions (Flower and 
Gibbins, 2009). In all cases in this experiment, the power-function regression 
provided a higher coefficient of determination (R2). While the power function 
regressions are naturally fixed at the origin, the linear regressions tended to 
have a positive offset at zero mass – which is clearly unrealistic. The power 
function regression was therefore selected as the most appropriate model for 
the data. The validity of this premise was checked by evaluating the errors for 
each data point (i.e. the difference between the selected regression function 
and the measured datum) and checking the errors for normality (i.e. normal 
distribution around a mean). In all cases, the data were shown to be statistically 
normal by either or both the Kolmogorov-Smirnov and Shapiro-Wilk normality 
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tests. The spread in the error was also determined and the 95% confidence 
range for this error evaluated.   
3.3 Results 
3.3.1 Drying and ignition 
The time-interval between the withdrawal of the protective sleeve and the on-set 
of volatile combustion is taken to be the ‘ignition delay’. The delay is governed 
by the time required for the moisture to evaporate and  the particle to heat up 
such that at least part of the particle is at a temperature for devolatilisation to 
commence. In many cases, the ignition delay was measured in the order of 10-
20 frames which imply an error of +/- 10% in the timing. However, the 
imprecision of this particular measurement appears to be overshadowed by 
other factors which introduce variability in behaviour from particle to particle. For 
example, the tendency of smaller parts and protuberances of the particles to 
ignite before the main bulk thus giving rise to a visible volatile flame earlier for 
some relatively large particles than smaller ones. 
 
 




The form of the function for relating ignition delay (s) 𝜏𝑖𝑔𝑛 , to particle dry mass 
(mg)  𝑚𝑑 , that provides the best fit to the measured data is found to be: 
 𝜏𝑖𝑔𝑛 = 𝑎𝑖𝑔𝑛𝑚𝑑
𝑏𝑖𝑔𝑛  (3-8) 
 where 𝑎𝑖𝑔𝑛 and  𝑏𝑖𝑔𝑛are empirically derived coefficients 
The plot for the ignition delay versus moisture content for all materials (up to 
20mg dry mass) is presented in Figure 3-15. This shows an expected general 
correlation for ignition delay to be longer for higher moisture content. Moisture 
content, M, should then also be included as a variable in equation (3-8). While 
both 𝑎𝑖𝑔𝑛and 𝑏𝑖𝑔𝑛could be derived as functions of 𝑀, a simplified approximation 
may be derived from considering 𝑎𝑖𝑔𝑛 to be proportional to 𝑀 with 𝑏𝑖𝑔𝑛 as a 
constant. Since the data are heavily influenced by noise and measurement 
error, derivation of a more complex relationship would be difficult to justify here.  
Based on the experimental data for the three materials for which differing 
moisture content was examined (pine eucalyptus and willow), the empirical 
functions derived from the data are presented in Table 3-3.  
Table 3-3 – Regression functions for ignition delay (s) as a function of mass 
(mg) and moisture (wt%) 
𝜏𝑖𝑔𝑛 = 𝑎𝑖𝑔𝑛𝑚𝑝
𝑏𝑖𝑔𝑛 Pine Eucalyptus Willow B 
𝑎𝑖𝑔𝑛   2.2M 1.4M 1.5M 
𝑏𝑖𝑔𝑛   0.32 0.34 0.37 
 
 
The measured ignition delay data for both “as received” and “added moisture” 
samples are plotted Figure 3-16 (a) – (c). The best fit regression functions are 
superimposed on the plot to illustrate the general fit to the data. The coefficients 
of the regression functions for each of the three materials are as presented in 
Table 3-3 with the values of moisture content, M,  for the “as received” samples 
and “added moisture” samples respectively as follows: (a) Pine: 8.3% and 57%; 
(b) Eucalyptus: 8.1% and 42%; (c) Willow B: 3.1 and 53% 
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 (a)  
(b)  
(c)  
Figure 3-16 – Ignition delay versus dry particle mass for samples as received 
and with added moisture: (a) pine; (b) eucalyptus; (c) willow B 
Legend:  
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3.3.2 Devolatilisation and volatile combustion 
The identification of the start and end of the volatile flame is distinct and the 
margin of error for these measurements was no more than one or two frames 
(<1%) of the total duration of around 100 frames. The volatile flame duration for 
both dry and wet particles is shown plotted against particle dry mass for each of 
the fuels as presented in Figure 3-17.  
It is noted that the devolatilisation is slower for those particles that had 
previously been immersed in water. Since particles with added moisture were 
subjected to excess water in the wetting process it is possible that this dissolved 
and extracted a significant proportion of potassium salts from the solid. The 
extended devolatilisation time observed is evidence of the diminished catalytic 
effect from reduced alkali metal content in the devolatilisation reaction kinetics. 
This has been described previously in Jones et al. (Jones et al., 2007) and 
Saddawi et al. (Saddawi et al., 2012).  
The form of the best-fit function to the measured data for the volatile flame 
duration 𝜏𝑣𝑜𝑙 is: 
 𝜏𝑣𝑜𝑙 = 𝑎𝑣𝑜𝑙𝑚𝑑
𝑏𝑣𝑜𝑙  (3-9) 
 where 𝑎𝑣𝑜𝑙 and  𝑏𝑣𝑜𝑙 are empirically derived coefficients 
The coefficients for the functions derived from the data are presented in Table 
3-4. 
Table 3-4 – Regression functions for volatile flame duration as a function of 
mass 
𝜏𝑣𝑜𝑙 = 𝑎𝑣𝑜𝑙𝑚𝑝
𝑏𝑣𝑜𝑙 Pine Eucalyptus Willow B 
 a.r. moisture a.r. moisture a.r. moisture 
𝑎𝑣𝑜𝑙   1.33 1.78 1.27 1.58 1.19 1.70 
𝑏𝑣𝑜𝑙   0.59 0.70 0.62 0.71 0.60 0.68 
 
The measured ignition delay data for both “as received” and “added moisture” 
samples are plotted Figure 3-17(a) – (c). The best fit regression functions are 





Figure 3-17 – Volatile flame duration versus dry particle mass for samples as 




3.3.3 Char combustion  
The end of char combustion was measured in accordance with the criteria set 
out in the experimental methodology.   Since the identification of the end of char 
combustion is less abrupt and not as distinct as the volatile flame identification, 
the data are subject to more measurement error. For smaller particles (<5mg), 
the burn-out could usually be identified within a range of around 30 frames (0.25 
seconds). For the larger particles (>10mg), the range could be as much as 200 
frames (1.7 seconds). By comparing these intervals to the average measured 
times for the respective particle sizes, the measurement error is therefore 
estimated at around +/- 5%.  
The char burn duration plotted against particle dry mass for each of the fuels is 
presented in Figure 3-18. The data are less consistent than that for the volatile 
flame duration and this is attributed mainly to the difficulty in identifying a clear 
end to the char combustion. The plot of the char combustion duration times for 
the particles with added moisture shows a small difference compared to the as-
received samples. There appears to be some variation showing longer burn 
times in the eucalyptus and willow but with few data points and with much noise 
on the timing measurement, a significant difference is difficult to infer. Similar 
marginal differences between raw and water-washed particles have been 
reported by Jones et al. (Jones et al., 2007). 
The form of the best-fit function to the measured data for the char burn duration 
𝜏𝑐ℎ𝑟 is: 
 𝜏𝑐ℎ𝑟 = 𝑎𝑐ℎ𝑟𝑚𝑑
𝑏𝑐ℎ𝑟  (3-10) 
 Where 𝑎𝑐ℎ𝑟 and 𝑏𝑐ℎ𝑟 are empirically derived coefficients 
The coefficients for the derived functions are presented in Table 3-5. 
Table 3-5 – Regression functions for char combustion duration as a function of 
mass 
𝜏𝑐ℎ𝑟 = 𝑎𝑐ℎ𝑟𝑚𝑝
𝑏𝑐ℎ𝑟 Pine Eucalyptus Willow B 
 a.r. moisture a.r. moisture a.r. moisture 
𝑎𝑐ℎ𝑟   4.6 3.7 4.7 7.4 2.9 3.3 





Figure 3-18 – Char burn duration versus dry particle mass for samples as 
received and with added moisture: (a) pine; (b) eucalyptus; (c) willow B 
Legend:  
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3.3.4 Evaluation of burn-out time 
Following the examination of the separate stages of combustion in the 
preceding sections, an overall picture of the combustion duration can be 
constructed. While the preceding data are useful for validating aspects of the 
modelling of single particle combustion, the combustion duration from start to 
finish is of direct practical value. With regard to the expected residence time in a 
furnace, this measure should allow the optimal particle size (or size range) to be 
determined with respect to an expected residence time in a furnace. The results 
for 13 materials are presented in Figure 3-19 to Figure 3-31  which show the 
total combustion time (). The ignition time () and volatile flame duration () 
are also plotted - showing these as a proportion of the total combustion time.  
The coefficients of the regression functions for the three stages of combustion 
and for the total burn-out time are tabulated next to the plots of the data in each 
case. The tables also show the coefficient of determination (R2) for each 
regression. The error bands (in seconds) are evaluated from the normal 
distribution of the measured data with respect to the regression function.  
 
willow A n a b R2 -error[s] +error[s] 
Ignition delay  25 0.106 0.269 0.555 0.010 0.007 
Devolatilisation 27 1.250 0.595 0.960 0.119 0.925 
Char combustion 22 2.560 0.726 0.937 0.207 0.373 
Burn out 22 3.953 0.672 0.958 0.348 0.297 
Figure 3-19 – Measured data and regression functions for burn-out of single 
particles of willow A 
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Willow B n a b R2 -error[s] +error[s] 
Ignition delay  107 0.094 0.275 0.201 0.011 0.001 
Devolatilisation 105 1.187 0.597 0.948 0.048 0.032 
Char combustion 89 2.918 0.773 0.931 0.237 0.122 
Burn out 89 4.182 0.723 0.943 0.243 1.149 
Figure 3-20 – Measured data and regression functions for burn-out of single 
particles of willow B 
 
Wood pellet A n a b R2 -error[s] +error[s] 
Ignition delay  26 0.155 0.135 0.020 0.043 0.017 
Devolatilisation 25 1.460 0.576 0.866 0.105 0.087 
Char combustion 23 6.570 0.621 0.771 0.953 0.709 
Burn out 23 8.228 0.604 0.821 0.940 0.753 
Figure 3-21 – Measured data and regression functions for burn-out of single 
particles of wood pellet A 
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Wood pellet B n a b R2 -error[s] +error[s] 
Ignition delay  27 0.113 0.253 0.281 0.023 0.012 
Devolatilisation 28 1.256 0.638 0.950 0.114 0.100 
Char combustion 20 5.048 0.688 0.651 1.233 0.884 
Burn out 20 6.398 0.679 0.742 1.213 0.943 
Figure 3-22 – Measured data and regression functions for burn-out of single 
particles of wood pellet B 
 
Wood pellet C n a b R2 -error[s] +error[s] 
Ignition delay  26 0.091 0.301 0.160 0.019 0.011 
Devolatilisation 28 1.444 0.559 0.922 0.096 0.081 
Char combustion 22 5.400 0.679 0.770 0.969 0.659 
Burn out 22 6.981 0.646 0.822 0.960 0.700 
Figure 3-23 – Measured data and regression functions for burn-out of single 
particles of wood pellet C 
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pine n a b R2 -error[s] +error[s] 
Ignition delay  96 0.106 0.313 0.483 0.022 0.002 
Devolatilisation 99 1.327 0.586 0.981 0.072 0.050 
Char combustion 78 4.610 0.688 0.918 0.717 0.258 
Burn out 77 6.081 0.659 0.942 0.652 0.312 
Figure 3-24 – Measured data and regression functions for burn-out of single 
particles of pine 
       
 
eucalyptus n a b R2 -error[s] +error[s] 
Ignition delay  94 0.107 0.373 0.431 0.014 0.004 
Devolatilisation 100 1.268 0.615 0.941 0.065 0.040 
Char combustion 73 4.656 0.752 0.872 0.416 0.351 
Burn out 73 6.068 0.718 0.896 0.525 0.383 
Figure 3-25 – Measured data and regression functions for burn-out of single 
particles of eucalyptus  
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Wheat  straw A n a b R2 -error[s] +error[s] 
Ignition delay  27 0.091 0.226 0.196 0.028 0.009 
Devolatilisation 26 0.681 0.617 0.968 0.079 0.060 
Char combustion 19 6.469 0.643 0.469 3.420 1.791 
Burn out 19 7.286 0.637 0.514 3.375 1.908 
Figure 3-26 – Measured data and regression functions for burn-out of single 
particles of wheat straw A 
 
Wheat straw B n a b R2 -error[s] +error[s] 
Ignition delay  54 0.070 0.343 0.536 0.016 0.004 
Devolatilisation 43 0.819 0.565 0.938 0.088 0.043 
Char combustion 40 5.627 0.439 0.675 1.020 0.422 
Burn out 40 6.536 0.456 0.741 1.014 0.460 
Figure 3-27 – Measured data and regression functions for burn-out of single 
particles of wheat straw B 
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Rape straw n a b R2 -error[s] +error[s] 
Ignition delay  16 0.166 0.213 0.154 0.053 0.033 
Devolatilisation 28 0.894 0.596 0.825 0.188 0.139 
Char combustion 26 2.613 0.714 0.873 0.925 0.527 
Burn out 25 3.631 0.671 0.897 0.942 0.605 
Figure 3-28 – Measured data and regression functions for burn-out of single 
particles of rape straw 
 
Miscanthus A n a b R2 -error[s] +error[s] 
Ignition delay  25 0.136 0.180 0.196 0.022 0.014 
Devolatilisation 25 1.191 0.589 0.940 0.125 0.100 
Char combustion 21 5.928 0.668 0.832 1.491 1.033 
Burn out 21 7.262 0.649 0.854 1.565 1.131 
Figure 3-29 – Measured data and regression functions for burn-out of single 
particles of miscanthus A 
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S-E wood pellet n a b R2 -error[s] +error[s] 
Ignition delay  22 0.064 0.636 0.404 0.119 0.044 
Devolatilisation 20 1.379 0.625 0.936 0.516 0.417 
Char combustion 9 7.939 0.824 0.916 7.456 6.374 
Burn out 9 9.403 0.799 0.919 8.183 6.764 
Figure 3-30 – Measured data and regression functions for burn-out of single 
particles of steam exploded wood pellet 
 
Olive residue n a b R2 -error[s] +error[s] 
Ignition delay  32 0.150 0.373 0.271 0.082 0.035 
Devolatilisation 33 1.681 0.557 0.954 0.236 0.175 
Char combustion 15 5.392 0.850 0.945 8.845 7.467 
Burn out 15 6.948 0.810 0.951 8.775 7.467 
Figure 3-31 – Measured data and regression functions for burn-out of single 
particles of olive residue 
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3.4  Analysis 
3.4.1 Comparison of burn-out behaviour  
The empirical expressions derived from the data to predict ignition delay, 
volatile flame duration and char burn duration are of practical use. In the design 
of burners and furnaces and the associated fuel milling requirements, it is 
important to have design criteria for the required maximum particle size. Even 
with a maximum particle size determined, the size distribution will vary for 
different fuels and different mills. The burn-out times applied to different size 
fractions will then be useful to determine what proportion of the fuel is likely to 
fully burn out in different parts of the furnace.  It is unlikely that the burn-out 
times inside a furnace will be exactly replicated by the lab-scale experiment. 
Nevertheless, the experimental data can be expected to indicate the relative 
behaviour of different fuels. In this respect, it is useful to compare the results 
and derive a means of quantifying the differences. 
 
 
Figure 3-32 – Total burn out times with respect to particle dry mass for selected 
biomass fuels 
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Figure 3-32 presents the predicted burn-out times for each of the 13 fuels on 
the same plot. This illustrates how much burn-out behaviour varies with fuel 
type.The comparison presented in Figure 3-32 is with respect to the dry particle 
mass rather than the particle size. While particle dimensions were measured in 
the experiment, the variation in aspect ratio, shape and density makes a direct 
comparison difficult. To overcome this, the analysis can be performed with 
reference to a ‘standard’ particle shape of fixed dimensions. The burn-out 
behaviour related to particle dry mass can then be translated to particle size by 
assuming a fixed density based on the measured average density. To do this, it 
is necessary to adopt a particle ‘standard’ shape that is a reasonable 
approximation of what is likely to occur in practical applications. 
Milled particles may be considered as quasi-spherical shapes (equant) shapes. 








However, particles of most raw woody and herbaceous biomass passing 
through a mill tend to break into quasi-cylindrical (prolate) shapes. To represent 
a typical milled particle for these materials, a standard cylindrical shape with 
length equal to twice the cylinder’s radius (aspect ratio = 2) is more 









Accordingly, in the following analysis, the woody and herbaceous materials are 
treated as quasi-cylindrical particles of aspect ratio of 2. In these cases, the 
particle’s length for a given mass is given by equation (3-12).  However, the 
olive residue and the steam exploded wood pellet both fracture into more quasi 
spherical particles with aspect ratio of 1 and so in these cases, equation (3-11) 
is applied. 
Using these equivalent dimensions as an indication of the required sieve size 
for milled fuel, it is possible to plot, for each fuel, the relationship between 
particle size and burn-out time. Figure 3-33 shows the predicted burn-out times 
as a function of the principal length of a particle. For comparison of indicative 
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burn-out times for each fuel, the principal dimension of that (modelled) particle 
which takes a fixed time to burn-out can be used as an index. This gives a 
simple indication of the relative sieve size required on the fuel mill to give the 
optimal particle dimensions. Since the residence time in a furnace is in the order 
of a few seconds, index burn out times of 2-seconds and 10-seconds are 
selected. These have been extracted from the model and are presented in 
Table 3-6. 
 
Figure 3-33 – Modelled combustion burn-out times with reference to particle 
size for selected solid biomass fuels. 
 
For most of the woody biomass materials in the selection, the 2-second burn 
index size  is around 1mm. Wheat straw and willow have faster burn-out times 
and therefore higher 2-second burn indices up to 1.5mm. The rape straw 
sample is the fastest burning of the selection with a 2-second index of 2mm. A 
comparison of the 10-second burn out indices show sizes of 2-2.7mm for most 
woody biomass,  values above 3mm for willow and wheat straw and above 
4mm for rape straw. 
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size index [mm] 
10-second burn-out 
size index [mm] 
Willow A 1.55 3.45 
Willow B 1.52 3.20 
Wood pellet A 0.92 2.21 
Wood pellet B 1.13 2.51 
Wood pellet C 1.10 2.50 
Pine 1.25 2.83 
Eucalyptus 1.18 2.47 
Wheat straw A 1.46 3.40 
Wheat straw B 1.05 3.43 
Rape straw 2.15 4.79 
Miscanthus A 1.02 2.33 
S-E wood pellet 0.60 1.41 






3.4.2 Effects of particle density  
The density of each particle was derived from the dry particle mass and 
estimated volume. The statistical spread of the measurements were evaluated 
using IBM SPSS Statistics version 21. Table 3-7 presents the results of the 
analysis with the mean density value together with the 95%-confidence-level 
range. In all cases, the data were shown to be statistically normal by either or 
both the Kolmogorov-Smirnov and Shapiro-Wilk normality tests. 









Willow A 28 455 490 526 
Willow B 171 508 519 530 
Wood pellet A 28 609 634 659 
Wood pellet B 28 570 609 647 
Wood pellet C 28 527 563 598 
Pine 169 472 481 495 
Eucalyptus 133 659 673 687 
Wheat straw A 28 180 201 222 
Wheat straw B 56 295 320 345 
Rape straw 31 195 211 228 
Miscanthus A 28 598 650 701 
S-E wood pellet 7 1144 1200 1257 
Olive residue 7 1175 1230 1290 
 
 
For the different materials, a comparison of burn-out times (for particles of the 
same mass) with respect to the average density shows that there is a 
correlation as illustrated in Figure 3-34. The relationship is such that higher 
density materials have longer burn-out times. This is in line with what is 
expected: firstly, for particles of a certain mass, higher density materials will be 
smaller and have a smaller surface area for heat transfer; secondly, the 
diffusion of air/oxygen to the char particle will be higher for less dense materials 
leading to faster char oxidation. 
131 
 
Figure 3-34 – Relationship between material density and predicted average 
burn-out time for a 10mg particle 
 
A similar analysis can be performed on a single material where sufficient data 
are available. The data for a single material can also be analysed with respect 
to density by dividing the data for each material into “higher density” 
(>mean+0.5), “middle density”  (mean-0.5<<mean+0.5) and “lower 
density” (<mean-0.5) fractions. (where  is the standard deviation of the data 
set). 
In the case of eucalyptus, the full range variation in dry density for 133 particles 
was from 490 to 880 kg/m3 with a mean of 673 kg/m3. The data were able to be 
sorted so that the lower, middle and upper fractions of the density range could 
be plotted independently. The analysis with respect to the volatile flame 
duration is shown in Figure 3-35 (a). Using the best fit regression line with the 
form of equation (14) for each fraction shows a discernible effect whereby the 
volatile burn duration is longer for higher density particles with equal mass. 
A similar analysis for the char burn duration is shown in Figure 3-35 (b). The 
trend is similar to that of the volatile flame data: the higher density particles 
have longer char burn duration. 
These analyses show that there is a tendency for less dense particles to 
devolatilise faster and for their char combustion to be quicker.  This reinforces 
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the observations made with respect to Figure 3-34. This has implications for 
high level modelling of pulverized fuel  combustion in which it should be 






Figure 3-35 –  Experimental data for eucalyptus separated into 3 density 
fractions for: (a) volatile flame duration versus particle dry mass; (b) char 
burn duration versus particle dry mass 
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3.4.3 Effects of Shape 
Since the dimensions of each individual particle were recorded, the sample size 
allows some examination of the effects of shape on the volatile flame duration. 
The shape of a particle can be examined in a number of ways.  Four shape 
types for convex particles can be classified using Zingg classification (Zingg, 
1935). The shape types are based on the various aspect ratios of the 3-axes of 
the particle which are classified as: equant (ball), prolate (rod), oblate (disc) and 
bladed (strip). Figure 3-36 shows a plot of the data which discriminates the four 
shape types. The differences are minor but trend lines show that bladed 
particles have a shorter characteristic duration of the volatile flame than equant. 
The disparity of the dimensions of a shape, characterised by the “aspect ratio”, 
can also be examined. The aspect ratio of each particle can be taken to be the 
ratio of the largest orthogonal dimension to the shortest orthogonal dimension. 
While all equant shapes have an aspect ratio of less than 2, prolate, oblate and 
bladed particles can all have large aspect ratios.  Figure 3-37 shows a plot of 
the willow data which discriminates four aspect ratio ranges (<2, 2-3, 3-4 and 
>4). In this analysis, there is a more discernible trend in the volatile flame 
duration characteristic time with respect to aspect ratio such that increased 
aspect ratio tends towards a quicker volatile burning time. The effect is 
expected since the heat transfer per unit of mass is greater, and consequently 
the devolatilisation time shorter, for higher aspect ratio particles - as confirmed 
in the findings of experiments by Momeni et al. (Momeni et al., 2012) and in 
modelling investigations as reported by Gubba et al.(Gubba et al., 2011). 
While the effect of the orientation (with respect to the gas flame) of higher 
aspect ratio particles was also examined, the observed differences were 
marginal and not significant against other measurement noise (not shown here).    
134 
 




Figure 3-37 –  Volatile flame duration versus particle dry mass for 4 aspect ratio 




In this chapter, an experimental method for examining the duration of the 
different stages of combustion of single particles has been presented. This was 
applied to three woody biomass fuels in the first instance to produce a large 
data set for analysis. The volume of data allowed the evaluation of empirical 
expressions for the relationship between particle mass and ignition delay, 
volatile flame duration and char burn duration. This approach provides a  means 
of characterising a fuel with regards to the expected ignition delay, volatile 
combustion duration and char burn-out times. A further set of fuel samples was 
characterized in this manner and the results for all 13 biomass fuel samples 
presented.   
Further detailed analysis has provided insight into the effects of the particle 
density and shape on the duration of the different stages of combustion. 
The means of characterizing the duration of devolatilisation and burn-out can be 
used to inform the modelling of combustion of pulverised biomass as well as 
being a means of validating existing models. Indeed, data from the experiments 
in this chapter are used for this purpose in Chapter 6. 
By applying the measured characteristics to a standard shaped particle, an 
empirical “burn-out index” for the various solid biomass fuels has been derived 
which indicates the relative maximum size of particle required to achieve a 
chosen burn-out time.  Refining this technique could provide a useful tool to 
predict burn-out behaviour for varying particle size. This would be informative to 
operators with regards to adjusting milling requirements to achieve optimal 
particle size distributions for the furnaces.   
Evidence that faster particle burn-out times are related to lower density and 







Chapter 4  
Potassium release during combustion of single particles of 
biomass 
4.1 Introduction 
In this chapter, the relationships between potassium content and the patterns of 
its release into the gas-phase during combustion of biomass fuels are 
investigated. An experimental method for examining the patterns of gas-phase 
potassium release from a particle of biomass as it combusts is described. 
Thirteen fuels are examined using the method. The chapter includes a literature 
review, methodology, results and analysis.   
4.1.1 Potassium in biomass materials 
Potassium is an essential nutrient for woody plants and has important roles in: 
transport mechanisms for water, nutrients and energy throughout the plant; 
photosynthesis; enzyme activation; protein synthesis; starch synthesis and 
stomata function (Potash&Phosphate_Institute, 1998). It also plays a role in the 
physiological mechanisms for wood formation.  As such, the effects of artificial 
fertilization with potassium on tree growth can be significant to the extent that, in 
certain circumstances, application can almost double growth rates in species 
such as Eucalyptus and Pine (Fromm, 2010).  While plants therefore 
necessarily contain significant quantities of potassium, for the most part, it is not 
part of the chemical structure but is generally mobile in solution. Even though it 
is found in all parts of the plant, the distribution is not uniform. For instance, 
seeds and fruits tend to have very high concentrations of nutrients to facilitate 
germination so levels of potassium in materials such as olive residue tend to be 
high compared to wood.  
The content of potassium by weight in a dry sample of untreated biomass can 
therefore vary considerably from species to species and also from plant to plant 
of the same species depending on state of growth and various environmental 
factors including levels of artificial fertilisation. Even wood from the same tree 
138 
can have varying levels of potassium content as illustrated by Figure 4-1 which 
shows the variation in K and Ca in a radial cross-section of a tree stem.  
An indicative survey of potassium content in biomass materials similar to those 
used in this study using the Phyllis2 online database (Phyllis2, 2013) is 
presented in Figure 4-2.  It can be seen from this study that woody biomass 
has potassium present in quantities in the region of 1 to 3 g/kg  or 0.1 to 0.3% 
weight (dry basis). Herbaceous energy crops and straws tend to have higher 
quantities above 5g/kg. There is a wider variation in the non-woody materials 
especially in the case of straw which is likely affected by different cultivation 
conditions and treatments. Olive residue has a very high potassium content (up 
to 3% weight) for reasons mentioned above. Levels of potassium content in this 




Figure 4-1 – Relative distribution of potassium and calcium in actively growing 
poplar wood.  
Source: (Fromm, 2010) 
 
In raw biomass materials, potassium can be present in inorganic compounds 
(e.g. KCl, KOH, KNO3, K2SO4) and some organic compounds (e.g. R-COO-K+). 
The salts and organic-bound potassium can be leached from the material since 
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it is almost all in a water soluble form. Consequently, the majority  of the 
potassium content can be removed from woody biomass fuels by water washing 
(Werkelin et al., 2010) (Saddawi et al., 2011). 
 
 
Figure 4-2 – Reported potassium content in various solid biomass fuels (source 
data: (Phyllis2, 2013)) compared with measured values for samples 
analysed in this study. 
 
4.1.2 The influence of potassium on combustion reactions 
Potassium and other alkali metals have been shown to have a significant 
catalytic effect on devolatilisation reactions and also on subsequent char 
oxidation (Jones et al., 2007). Nowakowski et al. (Nowakowski et al., 2007) 
showed that increased potassium content in willow fuel lowers the apparent 
first-order activation energy in pyrolysis reactions. Mechanisms for the catalytic 
effects of alkali metals on biomass have been proposed and applied to 
modelling of the reaction rates of willow undergoing pyrolysis by Saddawi et al. 
(Saddawi et al., 2012). Catalytic mechanisms have also been investigated by Di 
Blasi et al. (Di Blasi et al., 2011) and Liu et al. (Liu et al., 2008) have shown that 
140 
the effects also depend on the species of alkali salt (KCl, K2SO4 and KCO3) in 
the biomass.  
The catalytic effect of potassium on the combustion of biomass material is 
significant. Modelling and investigation of the thermal conversion or combustion 
of biomass should take into account these effects since two ostensibly identical 
types of wood with differing potassium content will have differing combustion 
behaviour. Treatment of biomass (i.e. washing) (Deng et al., 2013) may be 
beneficial from the perspective of improving ash deposition behaviour but it can 
introduce other difficulties such as extending the burn out time of certain fuels.  
4.1.3 The fate of potassium in combustion  
As a particle of fuel combusts, the potassium within it is either released into the 
gas phase or retained in the condensed-phase ash particle. Potassium released 
into the gas phase at temperatures above 1000K is generally as KCl(g), KOH(g) 
or K(g) since these species remain stable in the gas phase at such 
temperatures (Sorvajärvi et al., 2014).  The proportions of these species are 
dependent on the availability of chlorine and moisture in the material  (Westberg 
et al., 2003). The vaporized potassium species subsequently condense either 
directly on furnace surfaces where they can cause direct corrosion reactions, or 
they are recombined with other components into the solid ash which can 
deposit on heat exchange surfaces and cause fouling. The phase 
transformations and chemical reactions which take place in the combustion 
environment are functions of the temperatures of the gases and solids and the 
presence of other compounds present in the ash. Analysis of some of these 
aspects of gas-phase potassium partitioning in biomass combustion have been 
presented in recent years (Blomberg, 2011, Knudsen et al., 2004, Kim et al., 
2012, Li et al., 2014, Frandsen et al., 2007, van Lith et al., 2006, van Lith et al., 
2008). 
Measurement of potassium release from biomass at different combustion 
temperatures (Knudsen et al., 2004, Kim et al., 2012) has shown relatively low 
levels of release to the gas phase below 1000K. The vapour pressure of KCl 
and KOH rises rapidly above 1000K with KOH reaching standard pressure 
boiling point at 1600K and KCl at 1693K (Rodrigues and Silva Fernandes, 2007, 
Gurvich et al., 1996). A study based on previously published data (Niu et al., 
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2013, van Lith et al., 2008, Knudsen et al., 2004, Misra et al., 1993) on 
potassium measured in ash at differing combustion temperatures is presented 
in Figure 4-3. 
 
Figure 4-3 - Compilation of published data (Niu et al., 2013, van Lith et al., 
2008, Knudsen et al., 2004, Misra et al., 1993) showing relationship 
between combustion temperature and potassium retained in ash residue 
 
This illustrates that below temperatures of around 1000K, there is very little 
significant loss of potassium in the ash compared to the initial fuel content. With 
increasing temperatures, the proportion of potassium left in the ash can be 
reduced to less than 20% at around 1600K.  The inference is that full 
combustion of particles of these biomass fuels at elevated temperatures 
(>1400K) is expected to result in the majority of the potassium entering the gas 
phase and little partitioning to the solid-phase ash.  However, the fraction of 
potassium retained in the char and ash respectively depends on the degree of 
burn-out and heating of the ash particle which in turn depends on the 
combustion characteristics of the material and the residence time in the furnace.   
Potassium not released to gas phase and remaining in the fuel particle can be 
retained as, for example, carbonate in the char while some potassium is also 
retained as metal atoms intercalated between graphitic carbon layers (van Lith 
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et al., 2008).  As char combustion progresses, more potassium is released to 
gas phase as carbonates decompose and as graphitic carbon oxidizes 
unlocking intercalated atoms. As complete combustion is reached, potassium 
retained in the solid phase eventually has the opportunity to react with other 
solid phase inorganic components producing various forms of ash. The 
presence of other elements such as silicon, aluminium, calcium, iron and 
titanium in the fuel also affects the fate of the potassium and leads to the 
formation of minerals such as K2Fe2O4, K2TiO3, KAlSiO4 and K2CaSiO4 (Li et 
al., 2014, van Lith et al., 2008). The presence of these elements can therefore 
influence the retention of potassium in the ash. 
Upon deposition, further transformations in the ash can occur with different 
thermal and oxidizing environments to form feldspars (KAlSi3O8), feldspathoids 
(KAlSi2O6) and micas (KAl2(AlSi3O10)(OH)2) and many other mineral forms 
(Vassilev et al., 2013). In high temperature environments, potassium from the 
transformation and decomposition of ash minerals can continue to be released 
to gas phase.  
In a furnace, the vaporized potassium species subsequently condense either 
directly on surfaces in cooler regions where they can cause direct corrosion 
reactions, or they are recombined with other components into the solid ash 
which can deposit on heat exchange surfaces and cause fouling. The phase 
transformations and chemical reactions which take place in the combustion 
environment are functions of the temperatures of the gases and solids and the 
presence of other compounds present (Westberg et al., 2003). The system is 
dynamic chemically, thermally and fluid mechanically so measurement of the 
system is challenging and modelling even more so. Despite this, detailed 
analysis of certain aspects of potassium partitioning in biomass combustion 
have been presented in recent years (Blomberg, 2011, Knudsen et al., 2004, 
Kim et al., 2012, Li et al., 2014, Frandsen et al., 2007, van Lith et al., 2006, van 
Lith et al., 2008). 
The experimental work by Westberg et al. (Westberg et al., 2003) showed that 
in the presence of water vapor, KOH is released and is stable in the gas-phase. 
Where sufficient chlorine is present, potassium is also released as KCl. Once in 
the gas phase, these potassium species interact with the other components in 
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the gas including other chlorides and sulfates (Müller et al., 2006). Blomberg 
(Blomberg, 2011) showed that the ratio between potassium and chlorine, and 
their absolute concentrations affects the relative proportions of KCl versus KOH 
in the gas phase. The presence of sulphur in the fuel leads to SO2 in the gas 
phase and the formation of K2SO4 which produces condensed phase aerosols.  
The process of gas phase sulphation of KCl in biomass combustion has been 
shown in experimental investigations and modelling by Li et al. (Li et al., 2013), 
Hindiyarti et al. (Hindiyarti et al., 2008) and by Iisa et al. (Iisa et al., 1999). At 
high temperatures, potassium pyrosulphate (K2S2O7) can also form. The 
resulting condensed phase sulfates lead to direct deposition on furnace 
surfaces or agglomeration with other solid phase ash components.  
Gas phase potassium will also react with phosphates, if present, to form K3PO4 
and, with calcium, K2CaP2O7 and KCaPO4. These have relatively high melting 
points and so phosphates can influence how much potassium is retained in the 
condensed phase ash. This has been demonstrated by Li at al. (Li et al., 2015) 
in experiments adding ammonium phosphate to the fuel to reduce potassium 
release.   
As combustion gases move to lower temperature parts of the furnace, KCl and 
KOH will also condense directly on surfaces and on ash particles (Knudsen et 
al., 2004, Bryers, 1996).  
A simplified diagram of the routes of potassium to ash formation and deposition 
and the phase partitioning of potassium during the combustion process is 
shown in Figure 4-4. 
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Figure 4-4 – Potassium phase and species transformations during combustion 
through to ash deposition 
4.1.4 Methods of measuring potassium release 
Measurement and quantification of the partitioning of potassium between solid 
and gas phases during combustion requires a means of detecting gas-phase K 
and a means of determining the quantity of K remaining in the solid phase.  
Gas-phase detection of potassium in combustion processes is possible by 
various forms of spectroscopy, details of which are covered in the review by 
Monkhouse concerning spectroscopic detection of metal species in industrial 
processes (Monkhouse, 2011). Some of these methods have been employed in 
laboratory investigations on potassium release in biomass combustion. 
Molecular beam mass spectrometry (MBMS) has been used by Dayton et al. 
(Dayton et al., 1995)to determine mass fractions of the principal potassium 
species present in the flame during switchgrass combustion. This showed KCl 
and KOH as significant species in the gas phase with K3PO4 , K2SO4 and KCl 
being significant condensed phase species. Collinear photo-fragmentation 
atomic absorption spectroscopy (CPFAAS) uses a laser to dissociate alkali 
chloride molecules into dissociated atoms and a second, collinear, laser to 
detect the concentration of the alkali metal. This method has also been shown 
by Sorvajarvi et al. (Sorvajärvi et al., 2014) to be effective for detecting and 
discriminating potassium species (K, KOH and KCl) in flue gases. Laser 
induced breakdown spectroscopy (LIBS) is a method used by Hsu et al. (Hsu et 
al., 2011) and more recently by Zhang et al. (Zhang et al., 2015) and Fatehi et 
al. (Fatehi et al., 2015) to investigate the temporal release of potassium from 
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combusting wood. The former of these studies showed a means of quantifying 
the concentration of potassium in the combustion gases by calibrating with a 
seeded flame. The results from Zhang et al and Fatehi et al. both include a 
quantification of the potassium release rate and measurement of particle 
temperature.  
Sophisticated and costly laboratory apparatus is required for the techniques as 
described above.  However, studies on the patterns of potassium release during 
biomass combustion are also possible using simpler emission spectroscopy 
techniques.  An aspect of the work presented here is to demonstrate that use of 
such techniques for the detection of potassium release in combustion can be 
effective.  The method presented also allows expeditious data capture and 
therefore multiple experiments on a large range of fuels are practical in a short 
time frame. 
4.2 Experimental method 
4.2.1 Biomass fuel samples  
The fuels used in this study and their characteristics are those as presented in 
Chapter 2. While the bulk fuels were supplied in various forms, it was possible 
to extract single particles with similar mass: 1.1mg  0.1mg (dry basis).  For 
consistency, particles were trimmed to be approximately cuboid with aspect 
ratios of between 2 and 3. This corresponds to particles with dimensions 
approximately 1x1x2mm for woody materials and 1x1x3 for the herbaceous 
materials. Olive residue and black pellet (steam-exploded wood pellet) were 
fractured into quasi-spherical particles of about 1mm diameter.   
4.2.2 Reference samples 
A set of samples of willow impregnated with known quantities of potassium was 
also included in the study. This allows comparison of the other materials against 
a reference. The differing potassium content in the reference material can also 
be used to examine the relationship between potassium concentration, release 
rate and total potassium release. The materials were demineralized by washing 
in dilute acid and subsequently impregnated with known quantities of 
potassium. Impregnation was by addition of potassium acetate solution to 
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batches of particles and subsequent drying. Potassium was added to obtain 
samples with 0.1 , 0.25, 0.5, 0.75, 1.5% by weight. Details of the sample 
preparation technique as used in other investigations are described by Saddawi 
et al.(Saddawi et al., 2012). For consistency with the other samples, particles of 
1.1 mg 0.1 were prepared in the same manner to that described in section 
4.2.1.  
4.2.3 Measurement of potassium in solid phase 
The potassium content was determined for duplicate samples of each biomass 
material using nitric acid digestion and quantitative determination by AAS in 
accordance with standard EN 15290:2011. The water-soluble fraction of 
potassium was also determined in accordance with standard EN 15105:2011. 
The results are presented in Figure 4-5. The values measured are in the same 
ranges for each material as in Figure 4-2. Nevertheless, the analysis serves to 
re-enforce that the variability of biomass makes predictability of potassium 
content uncertain even for similar feedstocks. It is notable that for all materials, 
the fraction of potassium extracted as soluble in water is more that 90% and in 
some cases up to 100%.  This is consistent with the findings reported in a 
recent review by Gudka et al.(Gudka et al., 2015) 
 
Figure 4-5 – Potassium content of selected solid biomass fuels [total potassium 
extracted by acid digestion and potassium extracted by water] 
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4.2.4 Detection of potassium in gas-phase 
The combustion behavior of biomass fuels can be examined by studying the 
combustion of individual single particles exposed to a methane flame. This is 
done using the same experimental method as described in Chapter 3 in which 
the demarcation between different stages of combustion (ignition delay, volatile 
flame combustion and char combustion) was established by use of high speed 
video recording.  In this investigation, the method is complemented by a photo-
detector for indicating the relative potassium content in the flame above the 
combusting particle. 
The intensity of the spectral emission of potassium is determined by the 
proportion of atoms in the excited state which is a function of temperature. In 
this experiment, the flame temperature above the combusting particle is 
assumed to be at a steady temperature for the duration of the observation. The 
intensity of spectral emission is therefore taken to be proportional to the 
concentration of volatilized potassium in the flame. Flame temperatures of 
1600K-1800K are sufficient to excite the gas phase potassium for obtaining a 
strong spectral emission. The experimental technique is practically limited by 
this and by the achievable gas flame temperature making it suitable for 
investigations in the 1600-1800K range. In observing the spectral emissions 
external to the flame, self-absorption internally in the flame should be 
considered. This is the phenomenon of one potassium atom absorbing the 
emission from another atom within the flame. At high concentrations of 
potassium and in flames with a deep cross-section, self-absorption introduces a 
nonlinearity to the relationship between concentration and observed emission 
intensity (Gaydon and Wolfhard, 1970). In these single particle combustion 
experiments, the concentration of potassium in the flame is low and the 
observed surface of the flame is large with respect to the cross-section. Any 
non-linearity is therefore assumed to be small, if not negligible and no 
adjustment to account for self-absorption has been applied.  
A monochromator or an optical band-pass filter can be used to select a 
signature wavelength from the emitted radiation, the intensity of which can be 
observed with a photo-detection device. Potassium has a strong spectral 
emission (doublet) line close to 766nm. In this experiment, a ‘traditional-coated’ 
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(Edmund Optics Techspec ) band-pass interference filter with center 
wavelength of 766nm and a bandwidth of 10nm was selected. It is important to 
be aware that, in addition to the potassium emission, there will be a continuous 
black-body radiation spectrum emitted from any solid phase component of the 
flame (i.e. soot). It is therefore necessary to measure the intensity of radiation 
from the flame at a wavelength window close to, but avoiding, 766nm. For this 
purpose, a second photo-detection device was operated in parallel using a 
similar type of bandpass interference filter with centre wavelength of 750nm and 
a bandwidth of 10nm.  
The measurement technique does not discriminate potassium species so it is 
not possible to determine the relative quantities of gas phase KCl and KOH. 
Both species are volatile in the temperature range of the flame (1600-1800K). 
Differences in release rates between the two species are not expected to be 
distinguishable. The measurement and analysis then refers to gas-phase 
potassium release without qualification of the speciation. 
Similar experiments (Jones et al., 2007) have used photomultiplier electron 
tubes for photo-detection. For this experiment, a solid state photo-detector was 
purpose designed.  The photo-detector device used is a photo-diode (Vishay 
BPW34) with a linear response to photo-intensity and a relative sensitivity of 
over 0.8 (of maximum) at 766nm wavelength. A precision op-amp connected to 
convert the current through the photodiode to a 0-5 volt output signal was 
designed and built with support from Convertor Technology Ltd. The electronics 
were mounted in a light sealed enclosure with an aperture for an optical filter 
and a lens to focus the incoming light onto the photodiode. The output voltage 
signal was recorded at 1kHz using National Instruments USB-6000 interface 
and LabView data acquisition software. The photodetector device measurement 
precision is estimated to be <1%. Figure 4-6 shows a schematic representation 
of the principle components of the apparatus. The electronic circuit for the 
photodetector is presented in Figure 4-7 and the completed assembly (without 




Figure 4-6 – Schematic representation of the photo detector apparatus 
 
Figure 4-7 – Circuit diagram for photodiode amplifier circuit 
 
 
Figure 4-8 – Photo-detector apparatus 
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4.2.5 Form of recorded data 
The two photodetector signals were written to data (text) files in real time using 
the LabView data acquisition application. Figure 4-9 shows a screen shot of the 
application during acquisition of data from a single burning particle. The data 
obtained from the photo-detectors was subsequently processed to subtract the 
750nm signal from the 766nm signal and to remove noise from flame flicker (by 
smoothing the signal over 10 data points).  An example of the output and 
derived signal is presented in Figure 4-10. The various stages of combustion 
are identified in the profile based on the visual examination of the combusting 
particle as described in Chapter 3. The labelling describes the dominant 
process at each stage. The end of char combustion is a useful reference point 
but it should be noted that the demarcation does not imply any sudden 
transition from char to ash but simply the point at which char combustion has 
effectively completed.  
 




Figure 4-10 – Recorded output of photo-detectors from the combustion of a 
10mg willow particle indicating dominant processes at different stages 
 
There is a short ignition delay from the initial withdrawal of the water-cooled 
sleeve to the signal(s) initial rise. Following this, the volatile flame produces a 
distinct signature from both the 766nm and 750nm detectors. At the end of the 
volatile flame, the 750nm signal falls to zero (since thereafter there is no black-
body radiation from soot). The derived signal in this period shows a low level of 
potassium release compared with the subsequent period. Nevertheless, there is 
an increased release rate noticeable above the underlying trend which may be 
attributed to entrainment of potassium in the volatilized gases. This is more 
accentuated in some fuels while virtually absent in others. The char combustion 
stage is characterized by an approximately steady increase in the release rate 
which appears to peak just before the char burn-out is complete. Thereafter, the 
remaining material being heated in the methane flame is mostly ash. The 
potassium release profile at this stage is, in most cases, an exponential decay 
as any remaining potassium available for volatilization is released. The shape of 
this part of the profile is influenced by the proportion of ash content.  
Since there is noise in the recorded signals and variations from one particle to 
the next, in order to produce a more representative “typical” profile for each 
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material the data from multiple experiments should be taken and a mean 
average derived. In all cases, data from between 3 and 6 samples were 
obtained. This approach is used for the materials presented in the following 
sections. The mean difference between the measured data and the averaged 
signal varied for different materials ranging up to  8% owing to variability in the 
samples – only the averaged signal is shown on Figure 4-11 through to Figure 
4-14. 
4.3 Results 
4.3.1 Profiles of potassium release from reference samples 
A series of experiments were performed using the reference materials with five 
different levels of potassium content (0.1, 0.25, 0.5, 0.75 and 1.5% by dry 
weight). Although not fully quantitative, the data from the reference can provide 
a baseline for comparison with the fuels being examined. To determine a typical 
release profile for each concentration level, the data from at least 3 particles 
were obtained and a mean of the measured signal was derived.  The results of 
this are presented in Figure 4-11.  The data were analysed to determine the 
magnitude of total observed potassium release (area under each profile curve), 
peak release rate (maximum point on each profile curve) and duration of the 
combustion (burn-out time).  The correlation between potassium content and 
the potassium released to the gas phase is clear enough from a superficial 
examination. This is examined in more detail in the following discussion and the 
correlation is used to normalize the photo-detector signal to an estimated 
release rate. The peak release rate and potassium content also have an 
apparent positive correlation and it is noted that the burn-out time is extended 
for samples with a lower potassium content. Similar relationships should be 




Figure 4-11 – Comparative potassium release profiles (average of at least 3 
samples) for 1.1mg willow particles impregnated with potassium at 0.1, 
0.25, 0.5, 0.75 and 1.5%  
 
4.3.2 Profiles of potassium release from biomass fuel samples 
4.3.2.1 Woody biomass materials 
The woody biomass materials (wood pellets, pine, eucalyptus and willow) all 
have a potassium content measured to be less than 0.4% by weight. The 
potassium release profiles for all the woody materials are shown in Figure 
4-12a-c in which some notable similarities and differences are observable. In 
most cases, the volatile combustion stage is discernible by a minor peak or 
shoulder in the potassium release rate. The general shapes of the release 
patterns are similar. For similar materials (especially for the wood pellets) there 
is a strong resemblance in the release curves with a steady increase in release 
rate during char combustion up to a peak which is coincident with the ending of 
char burn-out. The materials with lowest potassium content and lower ash 
content show a more rapid decrease in release rate after char burn-out (just 
after the peak of the curve). This implies that the potassium content is 






Figure 4-12 – Potassium release profiles for 1.1mg single particles of various 
woody materials: (a) wood pellets; (b) pine and eucalyptus; (c) willow. 
(same scale on y-axes) 
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4.3.2.2 Herbaceous biomass materials 
The herbaceous biomass materials (wheat straw, rape straw and miscanthus) 
all have potassium contents measured to be more than 0.4% but less than 1.5% 
by weight. The potassium release profiles for all the herbaceous materials are 
shown together in Figure 4-13a-b. The plot is on the same scale as Figure 4-12 
and it is immediately clear that the quantity of potassium released from these 
materials is greater than for any of the woody materials. From the moment of 
first exposure to the flame, the rate of potassium release increases much more 
rapidly than for the woody materials.  The rate is so steep that the volatile 
combustion stage which is discernible in the woody biomass is not easily 
distinguishable. It is notable that all these materials have a more extended 
release of potassium after char burn-out than woody materials. This implies a 
significantly larger quantity of potassium remaining in the ash after the char 
combustion stage. This may be through the formation of a different mineral form 
which is itself vapourised or transformed in the ash decomposition stage. Two 
distinct combustion profiles were observed for wheat straw A and miscanthus A: 
denoted by suffix A(1) and A(2). There did not appear to be an intermediate 
mode of potassium release for the particles observed. The profiles with lower 
release rates - wheat straw A(2) and miscanthus A(2) - reach a certain release 
rate and then level off to become coincident with the release rate of the ash 
from those particles with higher release rates. There may be a number of 
reasons for this. It is possible that there is uneven distribution of potassium and 
possibly different K-species in the straw even though all particles were prepared 
from a similar part of the stem of the respective plants. Another possibility is the 
presence of other inorganic species (e.g. SiO2) in the samples which form 





Figure 4-13 – Potassium release profiles for 1.1mg single particles of various 
herbaceous materials: (a) wheat straw; (b) rape straw and miscanthus 
(same scale on y-axes) 
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4.3.2.3 Olive residue and black pellet  
The remaining materials, olive residue and “black pellet” are distinguished by 
having a much higher density than the other materials examined.  The 
potassium release profiles are presented in Figure 4-14. Note that the 
horizontal-axis of this figure is to a different scale to Figure 4-12 and Figure 
4-13 to allow the extended combustion time for the materials to be fitted. The 
vertical-axis is to the same scale. The general shapes of the profiles are 
consistent with the patterns observed for the other materials in that there is a 
distinct peak of release during the volatile combustion stage, the subsequent 
release rate shows an increase to a peak at burn-out and is followed by a long 
decaying tail of release from the ash. Both materials took much longer for 
devolatilisation and full burn-out compared to the other materials. This is related 
to the density, heat transfer properties and kinetics of the materials as 
discussed in Chapter 3. 
 
 
Figure 4-14 – Potassium release profiles for 1.1mg single particles of olive 




4.4 Analysis and discussion 
The release profiles all appear to comply with a general form with the peak of 
potassium release occurring near or at the point at which there is effective char 
burn-out (indicated on the figures by the vertical lines) followed by a rapid decay 
in release rate. These patterns are consistent with the observations made by 
recent similar studies including Fatehi et al. (Fatehi et al., 2015) and Zhang et 
al. (Zhang et al., 2015) both of which studied combustion of larger (>20mg) 
particles of a single wood type in gas-flame burners. In both these studies 
softwoods were used, the published profiles resembling that of pine in this study 
(Figure 4-12 (b)).  
The previous discussions of the form and features of the recorded potassium 
release profiles note a number of apparent correlations. These are worthy of 
further analysis to determine the quality of the relationships. An important 
feature to verify in this experiment is the relationship between the total quantity 
of potassium contained in the sample and the cumulative total of that which is 
detected. While the photo detection measurement does not provide an absolute 
measure of potassium release, there should be strong correlation between the 
area enclosed by the recorded profile (determined by simple integration of the 
data) and the total potassium content. This is shown to be the case in Figure 
4-15 where the potassium content of the sample is plotted against the inferred 
potassium released to gas phase – including the release during ash 
decomposition. The linear regression function (forced to the origin) fitted to the 
data does indeed show a strong correlation (with a regression function R2 value 
of 0.93). The experiments were run until the observed potassium release was 
negligible so it may be inferred that the full transformation of all potassium in the 
sample to gas phase is detected. Assuming this to be the case, the potassium 
release values in Figure 4-15 have been normalized using the willow reference 
material with 0.75%wt potassium content as the datum (on the basis that this 
sample is mid-range).  From this relationship, the intensity of the photo-detector 
signal can be translated to a potassium release rate (which is used in Figure 
4-16(a) below). It should be noted that for the following analyses, the data for 
olive residue has been omitted in some cases for the purposes of clarity (since 
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the potassium content is an order of magnitude higher than the woody materials 
and so outside the scale of the plots). 
 
Figure 4-15 – Correlation between total measured release of potassium to gas 
phase and initial potassium content in the 1.1mg particle [data normalized 
for values of K content and K release for the 0.75%wt (mid-range) doped 
willow]. 
It has been observed from Figure 4-11 that, in the case of the reference 
materials, the peak potassium release rate is correlated to the potassium 
content of the sample. Figure 4-16(a) shows the peak value of the release rate 
for each material plotted against the initial potassium content of the particle.  
There is a clear trend identifiable (with a regression function R2 value of 0.84) 
which indicates that the peak release rate is a function of the concentration of 
potassium in the particle. This would be consistent with the potassium release 
being governed by a diffusion mechanism and proportional to the concentration 
gradient of potassium at the surface of the particle (this is explored further in 
Chapter 6). Figure 4-16(b) shows the duration of the volatile and char 
combustion stages (total burn-out time) for each material plotted against initial 
potassium content of the particle.  While the herbaceous materials do not fit into 
a clear trend, there is a good correlation between burn-out time and potassium 
content for the woody materials. This is consistent with the observed catalytic 
effect of potassium on the thermal decomposition and char reactivity as 
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described in Jones et al. (Jones et al., 2007) and Saddawi et al.(Saddawi et al., 
2012) [Note: the data for olive residue have been omitted for the purposes of 
clarity - since its potassium content is an order of magnitude higher than the 
woody materials and so outside the scale of the plots.] 
(a)  
(b)  
Figure 4-16 – Relationships between initial potassium content in the 1.1mg 
particle and: (a) peak measured release rate of potassium to gas phase; 




Having established a means of relating the potassium content of the samples to 
the total detected potassium release, it is also possible to employ a similar 
method to estimate the relative quantity of potassium released at each stage of 
combustion. The devolatilisation and char combustion stages are clear in many 
of the recorded profiles. Where the demarcation is not clear, the devolatilisation 
duration can be established using characteristics obtained from the previous 
single particle experiments in Chapter 3. By integration of the respective areas 
of each stage as identified in the profiles, an estimate of the relative proportion 
of potassium released during devolatilisation and char combustion can be 
determined. The inferred fraction of potassium retained in the solid ash particle 
at the end of char burn-out is derived from the area under that part of the profile 
following the char combustion stage (subject to an evaluation error of 5%). In 
the experiment this fraction of potassium is released by continued heating of the 
ash particle in the high temperature flame.  
 
Figure 4-17 – Partitioning of potassium between combustion stages and ash 
 
The results of such an analysis are presented in Figure 4-17. It is noted that the 
proportions of potassium release in each stage for pine in this figure are similar 
to those presented in other analyses performed in the study by Fatehi et al. In 
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the context of the situation inside a furnace, as opposed to the conditions of the 
experiment, the continuing exposure of the ash particle to high temperatures is 
dependent on the residence time, the temperature gradient in the furnace and 
whether it is entrained in the gas flow as fly-ash or drops out as bottom ash. 
An examination of this derived data leads to other relationships of interest.  The 
fraction of potassium released during combustion plotted against the initial 
potassium content of the particle is presented in Figure 4-18.  
 
Figure 4-18 – Relationships between the proportions of potassium released to 
gas phase up to end of char burn-out and the initial potassium content of 
the 1.1mg particle 
 
While the overall data show a weak correlation, there is a strong correlation 
shown for the woody materials. This shows a similar pattern to Figure 4-16(b) 
and it is apparent that the fraction of potassium released during combustion is 
directly related to the burn-out time. An analysis of these parameters for the 
selected woody materials alone does indeed show a good correlation (with a 
regression function R2 value of 0.83).  The implication is that a higher potassium 
content leads to faster burn-out (by a catalytic effect) which in turn reduces the 
time during which potassium can be volatilized and diffuse away from the 
particle. Taken alongside the observations made on the data in Figure 4-16(b), 
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it seems that the behaviour of the herbaceous materials is distinct from that of 
the woody materials. This distinction between the two types of material is 
probably related to other ash components which affect the retention of 
potassium in the particle. To investigate this aspect further will require a more 
detailed analysis of the ash composition of each fuel.   
4.5 Conclusion 
Solid biomass fuels contain significant amounts of potassium. In large scale 
power generation plant using pulverized fuel, this is of concern since high levels 
of potassium in the ash or the flue gases can lead to deposition and corrosion 
problems on heat exchange surfaces. Investigating patterns of potassium 
release to the gas phase is therefore important in the understanding of the 
potential ash deposition behavior of biomass. Typical ranges of potassium 
content for various types of biomass fuel have been presented along with those 
measured for a selection of fuels used in this study.  
An emission spectroscopy method has been developed using an optical filter 
and custom-built photodiode detector. This has been shown to be an effective 
and expeditious means of observing the patterns of potassium release from a 
range of biomass fuels undergoing combustion at flame temperatures in the 
range 1600-1800K. The resulting potassium release profiles allow the fractions 
of potassium retained in ash and char relative to that released to gas phase to 
be estimated.  
The potassium temporal release patterns for 13 different solid biomass fuel 
samples have been presented. These illustrate the variability and similarities in 
potassium phase partitioning in conditions similar to industrial pulverized fuel 
furnaces. The resulting data have allowed the identification of certain trends, the 
more noteworthy observations being as follows: 
 There are similar shaped patterns of release for similar materials but 
differences between material types. 
 Long exposure to high temperature eventually results in the release of 
virtually all the potassium to the gas phase from the ash particle.  
164 
 The release of potassium during the devolatilisation stage of 
combustion is small compared with the subsequent release during char 
combustion for all materials examined. 
 The peak rate of release of potassium during char combustion is 
correlated to the potassium content in the particle. 
 The proportion of potassium released during combustion to that 
retained in the ash is correlated to the initial potassium content, 
although this relationship differs between wood and herbaceous 
materials.  
These relationships will be referred to in Chapter  6  in which it is attempted to 
model the mechanisms for gas-phase potassium release during combustion 
and reproduce the patterns observed. 
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Chapter 5  
Thermal conductivity of solid biomass fuels 
5.1 Introduction 
This chapter examines the variation in thermal conductivity of different types of 
biomass fuel. An experiment for measuring the effective thermal conductivity of 
various biomass materials is described. Measurements are presented for 
fourteen different biomass fuel materials. The chapter includes a literature 
review, methodology, results and analysis. 
5.1.1 Applications for biomass thermal conductivity data 
Knowledge of thermal properties and heat transfer in biomass materials is 
important for modelling biomass thermal conversion processes including 
combustion, torrefaction, gasification and liquefaction. In particular, the thermal 
conductivity of a material is a significant parameter in determining internal heat 
transfer of fuel particles.  It is also relevant in the context of bulk biomass 
storage where modelling self-heating and predicting self-ignition behaviour of 
large volumes of material is a safety concern. 
Models of the combustion of individual particles of biomass fuel have been 
developed at a fundamental level (Yang et al., 2008, Saastamoinen et al., 2010) 
and these have been used as sub-models for higher-level modelling of furnaces 
using computational fluid dynamics (Ma et al., 2007, Backreedy et al., 2005). 
While the power of the modelling tools has increased, the usefulness of the 
models has been limited by the lack of detailed and accurate data on the 
properties and behaviour of biomass fuels.  Knowledge of fuel properties is 
understandably challenging because of the vast variability in materials classed 
as biomass.  In power generation applications, these may include various 
softwoods, hardwoods, herbaceous energy crops, agricultural residues and 
other wastes or industrial by-products.  
To effectively model the heat transfer to and within a biomass particle 
undergoing pyrolysis or combustion it is necessary to know the thermal 
conductivity of the material.  The significance of the heat transfer properties of 
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small biomass particles in evaluating the chemical kinetics of pyrolysis and char 
combustion has been described by Hayhurst (Hayhurst, 2013). Differences in 
thermal conductivity affect the internal temperature gradients and heating rates 
in the particle which, in turn, affect the apparent reaction kinetics.  This is also 
relevant on the larger scale especially in the phenomenon of self-heating of 
combustible materials such as the bulk storage of biomass fuel where the risk of 
self-ignition arising from this is a distinct safety concern (Jones et al., 2015). 
Self-ignition temperatures for biomass materials are dependent on thermal 
conductivity since this affects the balance between internal heat generation 
from chemical kinetics and heat dissipation to the external surface (Thomas and 
Bowes, 1961). The risk of self-ignition may be predicted through modelling 
(Everard et al., 2014) provided reliable data on thermal conductivity and internal 
heat generation are available. 
5.1.2 Models of biomass thermal conductivity  
When considering or discussing the thermal properties of biomass materials, it 
is important to note that such materials are far from being uniform and most – 
woods for example – are highly anisotropic. Furthermore, the thermal 
conductivity of lignocellulosic materials is a combination of the thermal 
conductivities of the solid fibrous cell structure, the moisture (i.e. water) and 
gases (i.e. air) contained in the interstices between the fibres. These factors 
have been recognised and have led to the development of structural models of 
wood as a means of predicting thermal conductivity (Thunman and Leckner, 
2002). In the modelling proposed by Thunman and Leckner, each of the three 
constituents, solid, liquid and gas are applied as components connected in 
series or parallel or a combination - analogous to an electrical circuit - 
depending on the anisotropy. The relationship between moisture content and 
thermal conductivity has been observed to be approximately linear by Yu et al. 
(Yu et al., 2011) . Applying this to the dry solid and the moisture components, 
the thermal conductivity of a sample of biomass can be modelled as a linear 
function with respect to moisture content  : 
 𝜆𝑒𝑓𝑓 = (1 − 𝑀)𝜆𝑑𝑟𝑦 + 𝑀𝜆𝑤 (5-1) 
 where: 
𝜆𝑒𝑓𝑓 is effective thermal conductivity  
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𝜆𝑑𝑟𝑦 is thermal conductivity of dry solid 
𝜆𝑤 is the thermal conductivity of water at 300K: taken 
as 0.61 W.m-1K-1   (Raznjevic, 1976) 
𝑀 is the proportion of moisture by mass (mass of 
moisture/total mass) 
Also, for the dry solid and gaseous components: 
 𝜆𝑑𝑟𝑦 = (1 − γ)𝜆𝑓 + 𝛾𝜆𝑔 (5-2) 
 where: 
𝜆𝑓 is thermal conductivity of the solid biomass fibre 
𝜆𝑔 is thermal conductivity of the interstitial gas 
γ is the proportion of gas in the particle by volume 
Since the relative density of (for example) air (1.23 kg/m3) to cellulose (1500 
kg/m3) allows the gaseous mass to be neglected for low values of 𝛾, the 
density, 𝜌 is a function of 𝛾 such that: 
 𝜌 ∝ (1 − 𝛾) (5-3) 
Since 𝛾 is not a parameter that is known or easily measured, the thermal 
conductivity of a dry sample can then be expressed in the form: 
 𝜆𝑑𝑟𝑦 = 𝐹𝜌 + 𝑐 (5-4) 
 where: 
 𝐹 is a constant which may be determined empirically 
 𝑐 is a constant estimated as the thermal conductivity of dry air at 
300K taken as 0.026 Wm-1K-1 (Shpilrain, 2011) 
5.1.3 Thermal conductivity measurement methods 
To determine the thermal conductivity of solid materials, measurement of heat 
flow through the material and the temperature differential across the material is 
necessary. Details of various techniques for thermal conductivity measurements 
of bulk materials are presented by Tritt and Weston in (Tritt and Weston, 2004). 
Techniques can either use measurements of  steady state systems or measure 
the temperature time-history of a dynamical system. Steady state methods 
generally involve using a heat source at a fixed temperature and heat sinks on 
either side of the sample. The heat flow in these techniques can be determined 
by either direct measurement of the input power to the heat source or by 
measurement of temperature differential across a reference material either in 
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series or parallel to the sample. Such systems should be insulated to minimise 
heat losses and heat losses must be evaluated.   
Using a similar arrangement as the steady state method but with a fixed heat 
sink (i.e. no input power), the dynamical thermal behaviour of materials can be 
measured. The ‘Fitch’ method is an example of this type of system. Other 
dynamical heat flow techniques include the “laser-flash” diffusivity method and 
pulse-power methods. In these techniques, a known quantity of heat is applied 
in a short pulse and the temporal change in temperature in and across the 
sample is measured. This allows the thermal diffusivity (ratio of thermal 
conductivity to density x specific heat capacity) to be derived. The ‘Maldonado’ 
method uses dynamical measurement of a reference material in contact with 
the sample to indirectly determine thermal conductivity.  
Temperature measurements are generally made using proprietary 
thermocouples although dynamical measurements such as with ‘laser-flash’ 
methods can use of thermographic imaging to capture fast temperature 
changes. Depending on the geometry of the application, heat-flux sensors can 
be employed to determine the flow of heat through the materials. Heat flux 
sensors consist of multiple thermocouple junctions in a thin, flat planar 
arrangement giving a voltage output proportional to the heat flow through the 
plane. 
5.1.4 Published data on the thermal conductivity of biomass 
Published data on thermal conductivity of wood materials are mainly in the 
context of their use in construction and is generally to inform calculations of 
building insulation.  Well established data from published literature are included 
in the CRC handbook of physics and chemistry (Haynes and Lide, 2013) and 
Austin and Eastman (Austin and Eastman, 1900). Selected examples of 
published data are summarized in Table 5-1. Thermal properties of the bulk 
mass of biomass materials specifically in the context of wood pellet storage and 
using transient heat flow measurement methods have been published by Guo et 
al. and Sjöström and Blomqvist (Guo et al., 2013, Sjöström and Blomqvist, 
2014).    
Measurements of thermal properties of softwood particles specifically in the 
context of combustion applications have also been published. Values for the 
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thermal conductivity and specific heat capacity for samples of softwood, 
softwood bark and softwood char are reported by Gupta et al. (Gupta et al., 
2003).  Similar experiments specifically on pine wood and char samples were 
also undertaken by Hanklin et al.(Hankalin et al., 2009) while properties of 
larger specimens (300x300x100mm) of various hardwoods and softwoods were 
reported by Yu et al. (Yu et al., 2011) using heat flux sensors and with reference 
to the effects of moisture and temperature.  
While the above published data on some types of wood exist, there are little 
data on herbaceous materials or other non-woody biomass fuels. The main 
reason for this is the difficulty in obtaining a suitably sized uniform sample of 
material to perform a measurement on.  The techniques used for measuring 
bulk material properties are not practical on a small particle. Both Gupta et al. 
(Gupta et al., 2003) and Hankalin et al. (Hankalin et al., 2009) have used ‘Fitch’-
type apparatus. In these examples the samples of wood were regular discs in 
the order of a few millimetres thickness. A similar approach can be used for 
investigating the thermal properties of other biomass materials but it is clearly 
not practical to use such a technique on, for instance, raw unprocessed wheat 
straw. Since biomass is non-homogeneous and most is distinctly anisotropic, it 
is difficult to obtain samples which are both large enough for measurement and 
representative of the material in small particle form.  
In an attempt to overcome this issue, an experimental method has been 
developed in which samples of any solid biomass material can be assessed on 
a comparative basis. The method requires that the samples are prepared in a 
consistent way to produce a homogenized disc of material with dimensions and 
density within a similar range. The test discs are a simple physical form 
convenient for measuring thermal conductivity. It is important to note that this is 
not the form in which the fuels are normally utilized. Nevertheless, it is 
contended that the relative thermal conductivity measurements obtained from 
the discs are a valid and useful representation of the respective materials. The 
data may be used to determine the thermal conductivity of various forms of the 
fuel by applying it to a model of the macrostructure of the material. Modelling of 
wood by considering the different structural characteristics of different 
components (solid matter, moisture and interstitial gas) such as that proposed 
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by Thunman et al. (Thunman and Leckner, 2002) is one approach to achieve 
this.  








Group 1 - perpendicular to fibre orientation: 
Sequoia 380 0.082 (Austin and Eastman, 1900) 
Pine 406 0.086 (Austin and Eastman, 1900) 
white wood 506 0.102 (Austin and Eastman, 1900) 
Cherry 534 0.108 (Austin and Eastman, 1900) 
Gum 559 0.109 (Austin and Eastman, 1900) 
Walnut 609 0.115 (Austin and Eastman, 1900) 
white oak 615 0.113 (Austin and Eastman, 1900) 
brown ash 649 0.129 (Austin and Eastman, 1900) 
red birch 711 0.126 (Austin and Eastman, 1900) 
sewage sludge 760 0.130 (Hayhurst, 2013) 
Balsa 113 0.034 (Kotlarewski et al., 2014) 
Balsa 137 0.037 (Kotlarewski et al., 2014) 
softwood  360 0.099 (Gupta et al., 2003) 
pinewood  450 0.110 (Haynes and Lide, 2013) 
fir  540 0.140 (Haynes and Lide, 2013) 
spruce  400 0.128 (Raznjevic, 1976) 
maple  710 0.158 (Raznjevic, 1976) 
Group 2 - parallel to fibre orientation: 
pinewood || 450 0.260 (Haynes and Lide, 2013) 
fir || 540 0.350 (Haynes and Lide, 2013) 
spruce || 400 0.279 (Raznjevic, 1976) 
maple || 710 0.419 (Raznjevic, 1976) 
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The objective of the experiment described in the following sections is to provide 
thermal conductivity data for accounting for differences between types of 
biomass fuel in the modelling of thermal conversion and combustion. 
5.2 Description of the experiment 
5.2.1 Sample preparation 
The materials selected for the investigation were mainly taken from those used 
in other investigations as listed in Chapter 2. In addition, two samples of 
torrefied pine were obtained. The full list of the samples examined in this study 
is presented in Table 3-7 along with the measured moisture in the milled 
sample and the mean single particle (dry basis) density. Samples were received 
in various forms including pellets, chips and bales. All samples were milled 
using a liquid-nitrogen cooled impact mill until the entire sample was passed 
through a 90µm sieve. Since moisture from the original bulk sample is reduced 
in this process, moisture measurements of the milled samples were obtained 
using a TA Instruments TA5000 thermo-gravimetric analyser subsequently. It is 
noted that moisture content in the samples ranges from 2 to 6%. A correction, 
described later, to the measurements based on these values is used to 
compensate for the variation. The single particle density was derived using 
measurements from single particle combustion studies (as described in Chapter 
3). The single particle density presented in Table 3-7 is on a dry basis (i.e. the 
density of the particle with no moisture).  
Two test pieces weighing 200mg (±10%) and 400mg (±10%) respectively were 
formed from the milled samples for each material. The test pieces were formed 
using a 13mm diameter cylindrical steel die in a hydraulic press to a pressure 
between 360 and 380 MPa. The resulting pellets were weighed on a digital 
microbalance to a precision of ±1mg. The thickness of the pellets was 
measured using a micro-meter to a precision of ±0.01mm.  
Additional test samples of unprocessed pine wood were prepared with similar 
dimensions to the pellets and with fibre orientation either parallel or 
perpendicular to the heat flow. This was to provide a comparison with the 
measured thermal conductivity of the pellets and with the published values of 
other woods (from Table 5-1). 
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Table 5-2 – Materials selected for thermal conductivity measurement  
Material Sample moisture 
content 
 [%wt] 
Single particle dry 
density (mean) 
[kg/m3] 
Willow A 5.9 490 
Willow B 4.1 519 
Wood pellet A 2.7 634 
Wood pellet B 4.1 609 
Wood pellet C 5.1 563 
Wheat straw A 5.5 201 
Wheat straw B 5.2 320 
Rape straw 6.1 211 
Miscanthus A 4.6 650 
Miscanthus B 3.7 650 
Olive residue 4.8 1230 
Torrefied Pine A 2.4 401 
Torrefied Pine B 1.9 383 
S-E wood pellet 4.2 1200 
 
5.2.2 Measurement apparatus 
The experiment was aimed at small test pieces with relatively low thermal 
conductivities. To satisfy these criteria, a bespoke test apparatus was designed 
and built specifically for the purpose. The design was based on the ‘split-bar’ 
method which has been used for measuring thermal conductivity of polymers 
(Anderson, 1966). The arrangement of the apparatus is such that the test piece 
is sandwiched between two reference components of known thermal 
conductivity. A heat source controlled to be at a fixed temperature is applied to 
the extremity of one reference piece and a constant temperature heat sink 
applied to the opposite end of its counterpart. The axial temperature gradient 
across the two reference pieces is measured and the heat flow in each 
determined. The heat flow through the test piece is taken to be the average of 
that in the two reference pieces. Given the dimensions of the test piece and the 
measured temperature differential across it, its thermal conductivity is thereby 
derived.  
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The system described was implemented using CZ121M engineering brass 
(Aalco) as the reference material having a thermal conductivity of 123 Wm-1.K-1. 
The diameter of the brass rods was made to be coincident with the test pieces 
at 13mm. The length of the brass rods was determined mainly by practical 
considerations of physical support and the required contact area with the heat 
source and heat sink.  The temperature gradient was measured in the sections 
of each brass rod adjacent to the test piece between 65 and 5mm away from 
the contact interface using 0.5mm diameter mineral insulated J-type 
thermocouples. These were inserted into holes drilled radially to the centre of 
each brass rod.  
The power requirement for the constant temperature heat source was estimated 
for a ‘worst case’ with a sample thermal conductivity higher than the expected 
value for biomass (0.5 Wm-1.K-1) and test piece of minimum thickness (1mm). 
Accounting for heat losses along the length of the brass rods, the steady state 
power requirement was calculated at 3 Watts. This was provided by a surface-
mounted ‘sub-miniature proportionally-controlled’ heater with a nominal rating of 
5W (ThermOptics). The heater was mounted on a 50mm diameter x 50mm 
brass cylinder to act as a heat reservoir. This was in turn mounted on the 
respective ‘hot’ brass rod. The opposite ‘cold’ brass rod was extended such that 
it could be immersed in an ice-bath (i.e. constant temperature) heat sink formed 
using a vacuum-insulated steel flask. Polyethylene insulation was applied to the 
brass rods to reduce heat loss. A removable 50mm-thick layer of polystyrene 
insulation was applied around the sample holder section. The whole apparatus 
was mounted vertically. A schematic and a photograph of the assembly are 
illustrated in Figure 5-1. 
The test piece was mounted between the two brass rods and held in place by 
the moderate pressure from the weight of the upper rod. A thermally conductive 
paste (proprietary product as used for mounting electronic components with 
=0.19 Wm-1.K-1) was applied to the contact interfaces. Initial measurements 
omitted this and significant variations in repeat measurements were noted 
owing to imperfect surface contact (i.e. air-gaps). A Picolog TC-08 
thermocouple data acquisition interface and data logging software were used 
for recording the temperatures.  
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With the heater and the heat sink applied, the apparatus was left until the 
temperatures indicated on the measurement thermocouples had stabilized. The 
thermocouple measurements were then logged at a rate of one sample per 
second for a period of at least 30 minutes. The logged data were checked for 
stability (i.e. gradient of less than 0.001 K s-1) and the mean averages recorded 
for calculation. At least two measurements were performed on each material. 
 
         
Figure 5-1 – (L) Diagram of test apparatus in cross-section;  




The axial heat flow in the upper rod is calculated from the ideal heat flow and a 















 𝑇1 and 𝑇2 are the temperatures measured by thermocouples TC1 and 
TC2 respectively 
𝑇𝑎𝑚𝑏 is the ambient temperature (~23C) 
𝜆𝐵𝑟𝑎𝑠𝑠 is the thermal conductivity of brass (123 W.m
-1K-1) 
𝒜𝐶𝑆 is the cross sectional area of brass rod (133mm
2) 
𝐿𝑇𝐶  is the axial distance between thermocouples TC1 and TC2 (60mm) 
𝒜𝑖𝑛𝑠  is the effective surface area of insulation layer (5.5x10
-3m2)  
𝐿𝑖𝑛𝑠  is the thickness of insulation layer (40mm) 
𝜆𝑖𝑛𝑠 is the thermal conductivity of insulation (0.065 W.m
-1K-1) 
 
The axial heat flow in the lower rod, Q2 is calculated with a similar expression 
substituting T1 and T2with T3 and T4 respectively. 
The axial heat flow through the sample is approximated as the average of the 
heat flows in the upper and lower brass rods: 
 
𝑄𝑆 =




The temperature differential across the sample ∆𝑇𝑆  is derived from the 
difference of 𝑇2 and 𝑇3 with a correction for the 5mm of brass rod between the 
thermocouples and interface surface as: 
 
∆𝑇𝑆 =  (𝑇2 −  
𝑄1 × 0.005 
𝒜𝐶𝑆 × 𝜆𝐵𝑟𝑎𝑠𝑠
) − (𝑇3 +  






The thermal conductivity of a sample 𝜆𝑆 with axial length 𝐿𝑆 is then calculated 
from:  
 






5.3.1 Validation of measurements 
The thermal conductivity and the density of wood are strongly correlated as 
shown by Austin and Eastman (Austin and Eastman, 1900). This correlation is 
the basis of modelling the thermal properties of woody materials as described in 
section 5.1.2. The relationship is also consistent for bulk quantities of wood 
pellet as shown in the study by Sjöström and Blomqvist (Sjöström and 
Blomqvist, 2014).  
Examination of the relationship between material density and thermal 
conductivity is therefore useful for deriving or validating models of biomass in 
various applications including single-particle combustion, self-heating in bulk 
storage and the combustion of layers of dust. A plot of density against thermal 
conductivity is also a useful means of visualizing the similarities and differences 
between the materials measured in this study.  
Before presenting the data for the homogenized biomass pellets, validation of 
the measurement method should be demonstrated by comparing the measured 
properties of materials against known published values for similar materials.  
For this purpose, a set of test pieces were made from polytetrafluoroethylene 
(PTFE) and their thermal conductivity measured in the same manner as for the 
biomass samples. The resulting measurements showed an average thermal 
conductivity within 3% of the published value for PTFE (Price and Jarratt, 2002) 
and with a standard deviation of less than 3%. In addition, test samples made of 
bulk pieces of pinewood were formed both with perpendicular and parallel fibre 
orientation (cross-grain and parallel-grain).  The resulting measurements 
showed strong agreement with the published data for wood with similar density. 
Figure 5-2 shows a plot of the measured thermal conductivity versus the 
material density for the PTFE and pinewood reference samples together with 




Figure 5-2 - Measured thermal conductivity of cross-grain and parallel grain 
pine samples compared to published values for woods [ref. Table 5-1].  
Measured thermal conductivity of PTFE samples compared to published 
value. 
 
5.3.2 Experimental results 
Having shown the measurement method to be consistent with published data, 
the measured values for the homogenized biomass pellets, which fall between 
the values of the reference materials, can be reported with a high level of 
confidence. Each material was measured using at least two test samples and at 
two different heater settings (70°C and 60°C). The calculated standard deviation 
of the data obtained for each material was, on average only 3.5%. This value is 
close to that evaluated for the reference measurements for the PTFE test 
pieces.  
The measured thermal conductivity of the materials tested is presented in Table 
5-3. These data, plotted against sample density, is presented in Figure 5-3. 
This also includes the published data from selected biomass materials as listed 
in Table 5-1 for comparison.  Figure 5-4 shows the data for the homogenized 
biomass in more detail along with indications of the type of biomass for each 
data point. 
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Table 5-3 – Measured thermal conductivity for homogenized-densified biomass  
Material Density 
 2% 
[ kg m-3] 
Thermal conductivity  
 5% 
[ W m-1 K-1 ] 
willow a 1180 0.16 
willow b 1140 0.18 
wood pellets a 1180 0.18 
wood pellets b 1130 0.21 
wood pellets c 1140 0.19 
wheat straw a 1150 0.16 
wheat straw b 1170 0.16 
rape straw 1190 0.19 
miscanthus a 1140 0.16 
miscanthus b 1170 0.15 
olive residue 1140 0.21 
torrefied materials:   
torrefied pine a 1200 0.29 
torrefied pine b 1180 0.29 





Figure 5-3 - Measured thermal conductivity of homogenized-densified biomass 
plotted against density compared with published values of wood 
 
 
Figure 5-4  - Measured thermal conductivity of homogenized-densified biomass 
plotted against density with indication of type of biomass 
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5.4 Analysis and discussion 
Key differences between the various biomass material types can be identified 
from the data presented in Figure 5-3 and Figure 5-4. It is clear from this plot 
that the torrefied materials (torrefied pine and black pellet) have a significantly 
higher thermal conductivity than natural wood materials. There is less of a 
difference between the woody and herbaceous materials although, on average, 
the latter show slightly lower thermal conductivities than the former. Olive 
residue has a slightly higher conductivity than the woody and herbaceous 
materials but not as high as the torrefied materials. 
Examination of the results of the experiment show that the expected 
relationship between density and thermal conductivity for wood conforms to a 
linear function. The plot of the results together with the published data for wood 
in Figure 5-3 shows that the results fall broadly along the expected linear 
regression (dashed line). 
Considering only the published data on wood, a linear regression function for 
the thermal conductivity (𝜆𝑤𝑜𝑜𝑑) to density (ρ) relation can be derived, similar to 
equation (5.4) as:  
 𝜆𝑤𝑜𝑜𝑑 =   1.5x10
−4 𝜌 + 0.030 (5-9) 
For comparison with the measured values, this function may be applied to the 
wood pellet data. Thus assuming a density of 1148 kg.m-3 for a wood pellet 
gives a thermal conductivity value of 0.20 Wm-1K-1. This is close to the average 
measured value for the wood pellets  at 0.19 Wm-1K-1. Although the moisture 
content of the published data is not clear, the two sets of data nevertheless 
appear to be in good agreement.  
To account for the moisture content in the test samples, a correction to the 
calculated value of 𝜆𝑆 can be estimated by assuming the moisture content 
contributes uniformly to the measured value and the contribution is directly 
proportional to the moisture content by weight. Rearranging equation (5-1), the 
dry basis thermal conductivity 𝜆𝑑𝑟𝑦 is given by: 
 
𝜆𝑑𝑟𝑦 =   





The measured density of the samples can also be adjusted proportionately for 
moisture to give the estimates dry density of the sample as: 
 𝜌𝑑𝑟𝑦 = 𝜌𝑤𝑒𝑡(1 − 𝑀) (5-11) 
Using these parameters, (𝜆𝑑𝑟𝑦 and 𝜌𝑑𝑟𝑦) the coefficient 𝐹 for equation (5-4) can 
be determined for each material.  
Table 5-4 – Dry basis density and thermal conductivity of measured samples 
and derived coefficient 𝐹 
Material Density of dry 
material 
 2% 
[ kg m-3] 
Thermal conductivity 
of dry material  
 5% 




[ W m kg-1  K-1 ] 
willow a 1110 0.13 9.37E-05 
willow b 1090 0.17 1.27E-04 
wood pellets a 1150 0.17 1.21E-04 
wood pellets b 1080 0.19 1.54E-04 
wood pellets c 1080 0.17 1.30E-04 
wheat straw a 1090 0.13 9.43E-05 
wheat straw b 1100 0.13 9.57E-05 
rape straw 1120 0.16 1.17E-04 
miscanthus a 1090 0.14 1.00E-04 
miscanthus b 1130 0.14 9.40E-05 
olive residue 1080 0.19 1.48E-04 
torrefied materials:    
torrefied pine a 1180 0.28 2.14E-04 
torrefied pine b 1160 0.28 2.20E-04 
black pellet 1210 0.22 1.63E-04 
 
The derived coefficients, from Table 5-4, can be used with equation (5-4) to 
calculate the thermal conductivity of a dry particle with the density of the original 
material rather than the test sample. Inserting the moisture content of each 
sample into equation (5-1), the thermal conductivity of the particle with moisture 
can then also be derived. Using the values for the materials as presented in 
Table 3-7, Figure 5-5 shows a plot of the thermal conductivity of each of the 
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tested samples recalculated according to the density and moisture content of 
the original materials.  
 
Figure 5-5 - Thermal conductivity of single particles of biomass derived from 
measurements on densified pellets and density of original particles (all on 
dry basis) 
 
The following observations are made concerning the thermal conductivity of 
these materials in their original form. Both olive residue and black pellet, having 
high “as-received” densities (similar to that of the test samples) show the 
highest values. Wood pellets miscanthus and willow are grouped at similar 
values with the wood pellet average slightly higher than the other materials 
while straws have somewhat lower values owing to lower density particles. 
Notably, torrefied wood shows a high value in the compressed pellet form but 
an uncompressed torrefied wood particle has a value similar to that of an 
uncompressed, un-torrefied wood particle – the increase in conductivity of the 
solid matter is compensated by reduction in density of the structure. 
The derived values presented in Figure 5-5 apply to the effective thermal 
conductivity of quasi-homogenous particles – that is materials in which the fibre 
orientation is randomly dispersed. In large particles of un-milled wood the 
conductivity parallel to fibre orientation may be around 2-3 times higher than the 
perpendicular direction (as apparent in Figure 5-2). While the measurement 
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method does not allow verification of this for herbaceous materials, for the 
purposes of modelling for large particles, a multiplier may be assumed to 
account for the anisotropy of straw and miscanthus in the same way as for 
woods. This does not apply to olive residue and black pellet since their structure 
is more isotropic.  
5.5 Conclusion 
A method for determining the relative thermal conductivities of various biomass 
fuels has been presented. The method has been shown to be effective by 
comparison with existing published data. The experiment has provided data on 
the thermal properties of small particles of both woody biomass, herbaceous 
and other non-woody biomass and also torrefied biomass.  While there is a 
considerable amount of published data on thermal properties of wood, there is 
little, if any comparable data available for the other materials investigated.  
Analysis of the data has confirmed that woody biomass fuels conform to a 
general linear relationship between material density and thermal conductivity.   
The compressed solid matter in torrefied wood was shown to have a 
significantly higher thermal conductivity than un-torrefied wood. Olive residue 
pellets and black pellet are shown to have higher thermal conductivities than 
wood while herbaceous materials tend to have lower values than wood. 
The data presented in this study informs the choice of value of thermal 
conductivity to be used in calculating heat transfer in combustion models for 
different materials. The models for accounting for moisture content and particle 
dry density also allow estimation of thermal conductivity across different stages 
of combustion. The model presented in Chapter 6 adopts these models and the 







Chapter 6  
Modelling combustion of single particles of biomass 
6.1 Introduction 
6.1.1 Single particle combustion modelling 
Modelling the combustion processes in large scale furnaces is one of the 
essential tools for the design of plant including burners and boilers, for the 
optimization of operational parameters such as milled particle size and for the 
analysis of ash fouling and deposition behaviour. The use of computational fluid 
dynamical (CfD) software with on-going improvements in computational power 
has led to considerably detailed modelling of pulverized fuel combustion in large 
scale boilers (Ma et al., 2007, Gubba et al., 2012, Backreedy et al., 2005, Yin et 
al., 2004). However, the effectiveness of CfD models depends on the validity 
and reliability of the sub-models used to calculate the heat flows and mass 
flows. In models specific to pulverized biomass, the key sub-model is that for 
the combustion of a single particle. This sub-model requires data on heat 
transfer properties, chemical kinetics, mass transfer and details of physical 
behaviours derived either phenomenologically or from a fundamental theoretical 
basis.  
Woody and herbaceous biomass materials are anisotropic, non-homogeneous 
and there is a natural variation in physical and chemical characteristics even 
within samples from the same source (Chapter 2). It is therefore important to 
recognize that any model must be of an idealized version of the actual material. 
In the case of modelling heat transfer, the particle shape is often idealized to be 
quasi-spherical, even though in most cases biomass particles tend to be more 
quasi-cylindrical. This allows mathematical models to be simplified to one-
dimensional systems such as described by Porteiro et al. (Porteiro et al., 2006) 
and Haseli et al.(Haseli et al., 2011a). Two-dimensional models are able to 
account for the effects of shape such as that described by Yang et al.(Yang et 
al., 2008) and can also account for anisotropy in material properties (e.g. 
thermal conductivity). 
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Since the thermal conductivity of biomass is low in relation to particle sizes and 
heating rates in the relevant applications, accounting for internal heat transfer is 
an important consideration. In particular, temperature differences within the 
particle will result in different respective reaction rates such that the apparent 
kinetics are influenced by particle size (Hayhurst, 2013). The effects of the size 
and shape of particles on internal temperature gradients have been investigated 
by Lu et al.(Lu et al., 2010) and illustrated with experimental data on relatively 
large particles (~11mm diameter). Internal thermal gradients may be 
approximated using idealized analytical equations. However, to account 
practically for the intrinsic thermal effects of combustion reactions, numerical 
methods are necessary. One approach is to consider the particle as being 
comprised of a series of concentric, discrete layers or “shells” such that heat 
flow and mass transfer from the surface to the centre and vice versa can be 
accounted for. Such an approach has been adopted by Thunman et 
al.(Thunman et al., 2002)  and Porteiro et. al (Porteiro et al., 2006).   
6.1.2 Potassium release  
Experimental studies of the release of potassium from biomass combustion 
have shown that the evolution of potassium to the gas-phase is highly 
dependent on the particle’s temperature and higher proportions of potassium 
are released in the latter stages of the char combustion (Jones et al., 2007, 
Fatehi et al., 2015, Zhang et al., 2015, Sorvajärvi et al., 2014). This pattern is 
confirmed by the experiments described in Chapter 4. Models for predicting 
potassium release have been proposed in association with the experimental 
works previously referenced (Jones et al., 2007, Fatehi et al., 2015, Zhang et 
al., 2015, Sorvajärvi et al., 2014). Modelling of the phase transformation of 
potassium species to the gas phase is founded on the temperature dependent 
vapour pressure of the potassium species (KOH and KCl) and diffusion 
mechanisms from the particle. Prediction of potassium release is therefore 
closely linked to predicting the temperature of the combusting particle and the 
concentration of potassium during the progressing stages of combustion. In this 
study, the combustion of a single particle has been modelled so that the 
temperature inside the particle is used to predict potassium release to gas 
phase. The results of the model are compared to experimental data including 
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the measured particle surface temperature and the observed potassium 
released in the gas flame. 
6.1.3 Development of a model for single particle combustion 
While the single particle combustion model is considered as a sub-model in the 
context of CfD analyses of large combustion plant, the model is more 
realistically described as a collection of interconnected sub-sub-models. Many 
of the individual elements of the model describing heat transfer, mass transfer 
and chemical kinetics can be developed independently.  When these elements 
are combined in the main model, the inter-dependence should be defined at the 
outset and, where possible, provision made for the progressive expansion and 
improvement of the model. To allow validation of each feature, the model has 
been developed in stages and the performance of each of these features 
‘tested’ at each stage. This approach also allows the effects of refinements to 
the model to be examined as they are introduced. The following sections 
describe the basis of each element of the model. 
The model was implemented through a FORTRAN code. The code used to 
produce the results presented in later sections is contained in appendix B. 
6.2 Structure of the model 
6.2.1 The concentric-layered particle model 
An important aspect of the investigation of the combustion of single particles of 
solid biomass is the study of the effects that particle size has on combustion 
behaviour. The particle can be considered as a uniform, symmetrical entity in 
which all thermal and chemical processes proceed together identically. In this 
case, changes in particle size have a simple scaling effect. To account for the 
more complex effects of internal heat transfer, diffusion and the consequent 
differing reaction rates that these influence, it is necessary to breakdown the 
model of the particle into multiple parts. This not only allows differing conditions 
to be applied to each sub-part but also allows interactions between the parts 
such as heat and mass transfer to be modelled. One approach is to consider 
the particle as comprising of a series of concentric, discrete layers or “shells” 
such that heat flow and mass transfer from the surface to the centre and vice 
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versa can be accounted for. Such an approach has been adopted by Thunman 
et al (Thunman et al., 2002)  and Porteiro et al (Porteiro et al., 2006). The 
concept of the concentric layered spherical particle model is illustrated in Figure 
6-1. The particle is divided into n layers each of equal radial thickness (r). 
Each layer may be treated separately with a mass, volume, temperature, 
moisture content, volatile content and oxygen concentration specific to that 
layer. Heat and mass transfer between internal layers can be calculated as the 
balance of quantities at the interface. The boundary at the central layer of the 
particle has no further internal interface and so internal heat and mass transfer 
are set to zero. The particle’s exterior is the boundary of the outermost layer 
where the external heat flux is applied and ambient concentrations for diffusion 




Figure 6-1 - The concentric layered spherical particle 
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6.2.2 Particle shape 
A notable feature of milled lignocellulosic biomass particles is that they are 
distinctly non-spherical. The adoption of a spherical model then needs to be 
justified. The approximation to a spherical geometry allows the calculations of 
mass and heat transfer to be one-dimensional which simplifies the model 
considerably. The discrepancy between this and a realistic particle shape is 
mainly in the heat transfer to the surface and internally.  
The surface heat transfer can be dealt with by adopting a ‘shape factor’ 
whereby the surface area used to determine the surface heat flux is based on 
the real particle geometry. All other dimensions used in the spherical model are 
determined from equating the volume, 𝑉𝑃  of the ‘real’ particle with the volume of 






  (6-1) 
 𝑆𝑠 = 𝜋𝐷
2  (6-2) 
For example, a particle with dimensions 3x1x1mm has a volume of 3mm3 and a 
surface area, 𝑎𝑝 , of 14mm2.  The equivalent spherical diameter in this case is 
1.79mm. The surface area of the equivalent sphere is 10.1mm2 . The ‘shape 
factor’ is the ratio of the real particle surface area to the area of the spherical 
model such that: 
 




The adjustment to account for the difference between the idealised heat transfer 
for a sphere and an irregular shaped particle is not easily quantifiable but the 
increased surface area can be taken into account by applying the shape factor 
to the surface heat transfer coefficient. 
Non-symmetrical internal heat transfer is more problematic to account for in a 
one-dimensional model. The anisotropy of woody particles leads to a tendency 
for milled particles to be quasi-cylindrical with aspect ratios of 2 or more. 
However, the same anisotropy results in the thermal conductivity along the 
long-axis of the particle to be 2-3 times higher than in the radial direction. 
Consequently, for particles with aspect ratios of 2-3, the thermal conduction 
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paths to the particle centre both radially and axially are approximately 
equivalent. This is a coarse approximation but allows a uniform thermal 
conductivity value to be adopted for each layer of the spherical model.  
6.2.3 Density and volume 
Having set the initial spherical model particle dimensions as in equations (6-1) 
and (6-2). The volume of each layer in the model is then calculated as a 
spherical annulus with radial thickness r. Initially the particle has uniform, 
homogeneous properties throughout all layers. The mass of each layer is then 
simply a product of the layer volume and initial density.  
 𝑚𝑝 =  ∑ 𝑚𝑖
𝑁
𝑖=1
=  ∑ 𝜌 𝑉𝑖
𝑁
𝑖=1
  (6-4) 
 
Where:  
𝑖 is the layer number 
𝑚𝑖 is the mass of layer 𝑖 
𝑉𝑖 is the volume of layer 𝑖 
𝜌 is the initial density of particle 
The mass of each layer is the sum of four components as follows: 
 𝑚𝑖 =  𝑚𝑤,𝑖+ 𝑚𝑣𝑜𝑙,𝑖 + 𝑚𝑐ℎ𝑎𝑟,𝑖 +  𝑚𝑎𝑠ℎ,𝑖  (6-5) 
 
Where:  
𝑚𝑤,𝑖 is the moisture in layer 𝑖 
𝑚𝑣𝑜𝑙,𝑖 volatile matter in layer 𝑖 
𝑚𝑐ℎ𝑎𝑟,𝑖 is the fixed carbon (char) in layer 𝑖  
𝑚𝑎𝑠ℎ,𝑖 is the mass of ash in layer 𝑖 
 
While the density of the particle in its initial state is the same for all layers, the 
density of the material will change as first moisture and then volatile matter are 
removed. The change in material density is modelled on the basis that loss of 
moisture and volatile matter results in mass loss but no change in volume. The 
mass loss resulting from char oxidation is accompanied by a proportional 
reduction in volume such that the char material maintains a constant density. 
The volume of the layer is then re-calculated during combustion as: 







 Where:  
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𝜌𝑐ℎ𝑎𝑟 is the effective density of the char material 
𝜌𝑎𝑠ℎ  is the effective density of the ash material (taken as 
1000kg/m3 from (Hasler and Nussbaumer, 1998)) 
The radial thickness of each layer is therefore also recalculated as the volume 
of the layer changes. As the process proceeds, the particle shrinks and the 
overall diameter and surface area are also recalculated accordingly. 
6.3 Heat transfer 
6.3.1 Heat transfer to particle surface 
The heating of a solid particle in a hot gas environment is a result of both 
convective and radiative heat transfer. In the context of the single particle 
combustion experiments, the dominant process is convective heat transfer 
since the particle is in isolation and the enclosing surfaces are at ambient 
temperature. In a pulverised fuel boiler, the radiative heat transfer from 
surrounding combusting particles is more dominant (Yin, 2016). It is important 
to recognise this difference and account properly for both heat transfer 
mechanisms in each case. The differences in the resulting heating rates in each 
situation will lead to differences in the predicted combustion processes. 
However, validation of the model in one situation (the experiment) will lend 
confidence in the predictive capability in the other (the p.f. boiler).    
Convective Heat Transfer 
The convective heat transfer from the gas to the particle is determined by the 
surface heat transfer coefficient which is a function of the Nusselt number, the 
particle dimensions and the external fluid thermal conductivity.  For a spherical 







ℎ𝑐𝑜𝑛𝑣 is the convective heat transfer coefficient 
𝑁𝑢 is the Nusselt number 
𝐷 is the diameter of the spherical particle 
𝜆𝑔𝑎𝑠is the thermal conductivity of the gas (external fluid) 
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The Nusselt number is a dimensionless ratio of the convective heat transfer in 
the fluid to the conductive heat transfer in the solid. For a gas flowing over a 
sphere, the Nusselt number can be obtained from the expression derived by 
Ranz and Marshall for a spherical drop of liquid (Ranz and Marshall, 1952): 
 𝑁𝑢 = 2 + ( 0.6 √𝑅𝑒 √𝑃𝑟
3
 ) (6-8) 
 
Where: 
𝑅𝑒 is the Reynolds number  
𝑃𝑟 is the Prantl number for the gas 







𝑈𝑔𝑎𝑠  is the velocity of the gas flow 
𝜐𝑔𝑎𝑠 is the kinematic viscosity of the gas 
The heat flux to the particle surface is the product of the heat transfer 
coefficient, surface area and temperature difference between solid and gas and 
is described by the equation: 
 𝑄𝑐𝑜𝑛𝑣 = 𝑆𝑆 ℎ𝑐𝑜𝑛𝑣 (𝑇𝑔𝑎𝑠 − 𝑇𝑆). 𝑑𝑡 (6-10) 
 
Where: 
𝑄𝑐𝑜𝑛𝑣 is the quantity of convective heat at the surface 
𝑆𝑆 is the surface area of the particle 
𝑇𝑆 is the surface temperature of the particle 
𝑇𝑔𝑎𝑠 is the temperature of the surrounding gas 
 
Radiative Heat Transfer 
Heat transfer to the particle surface through radiation is governed by the Stefan-
Boltzmann law whereby the energy flux is a function of the fourth power of the 
absolute temperature of the surface. The heat transfer at the surface is also 
proportional to its emissivity. The rate of change of temperature of the particle is 
determined by this heat flux over the heat capacity of the solid and is described 
by the equation: 
 𝑄𝑟𝑎𝑑 = 𝑆𝑝 𝜀 𝜎 (𝑇𝑅
4 − 𝑇𝑆
4). 𝑑𝑡 (6-11) 
 Where: 
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𝑄𝑟𝑎𝑑 is the quantity of radiative heat at the surface 
𝑇𝑅 is the temperature of the enclosing radiative surface 
𝜀 is the particle surface emissivity 
𝜎 is the Sefan-Boltzman constant (5.67x10-8 W m-2 K-4) 
In the case of the experiment, the enclosing radiative surface is the ambient 
surrounding so temperature 𝑇𝑅 is taken as ~300K. Consequently, as the particle 
heats up through convective heating, the radiative heat flux will be negative 
meaning that there is a cooling effect from radiation away from the particle. 
6.3.2 Internal heat transfer 
For a spherical solid with an initial uniform internal temperature, the application 
of a heat flux to the surface will raise the surface temperature. The heat will be 
conducted internally and ultimately, the entire particle will be raised to the same 
temperature as the surface.  
In the concentric-layered model, the temperature rise from the net heat flux into 










𝑑𝑇𝑖is the incremental change in temperature in layer 𝑖 
𝑄𝑖 is the net heat flux into the layer  
𝐶𝑖 is the heat capacity of layer 𝑖 
The heat capacity of a layer is derived as a superposition of the heat capacities 
of the various mass components as follows: 
 
𝐶𝑖 =  
1
𝑚𝑝
{(𝑚𝑤,𝑖 𝐶𝑤) + (𝑚𝑣𝑜𝑙,𝑖  𝐶𝑣𝑜𝑙)




𝐶𝑤 is the specific heat capacity of water (4181 J kg
-1 K-1) 
𝐶𝑣𝑜𝑙 is the specific heat capacity of volatile part (~1600 J kg
-1 K-1) 
𝐶𝑐ℎ𝑎𝑟 is the specific heat capacity of char (1000 J kg
-1 K-1) (Dupont 
et al., 2014) 
𝐶𝑎𝑠ℎ is the specific heat capacity of ash (800 J kg
-1 K-1)(Eisermann et 
al., 1980) 
194  
The net heat flux for each layer is the sum of heat flux from the outer and inner 
surfaces. The heat flux at the inner surface (towards the centre of the particle) 
of the each layer from conductive heat flow is calculated from: 
 
𝑄𝑐𝑜𝑛𝑑,𝑖 =  
𝑆𝑖+1  𝜆𝑖 (𝑇𝑖 −  𝑇𝑖+1)
∆𝑟𝑖
. 𝑑𝑡 (6-14) 
The relationship between thermal conductivity and moisture as discussed 
in Chapter 5 is adopted as the basis of the model for the thermal 
conductivity of each layer. This is derived as a superposition of the thermal 
conductivities of the various mass components as follows: 
 
𝜆𝑖 =  
1
𝑚𝑝
{(𝑚𝑤,𝑖 𝜆𝑤) + (𝑚𝑣𝑜𝑙,𝑖 𝜆𝑣𝑜𝑙) + (𝑚𝑐ℎ𝑎𝑟,𝑖 𝜆𝑐ℎ𝑎𝑟)




𝜆𝑤  is the thermal conductivity of water (0.6 W m
-1 K-1) 
𝜆𝑣𝑜𝑙 is the thermal conductivity of volatile fraction (0.14 W m
-1 K-1) 
𝜆𝑐ℎ𝑎𝑟 is the thermal conductivity of char (0.1 W m
-1 K-1) (Gupta et 
al., 2003) 
𝜆𝑎𝑠ℎ is the thermal conductivity of ash (1.0 W m
-1 K-1) (Rezaei et al., 
2000) 
For the external layer (layer 1), the heat flux to the outer surface is given by 
equations (6-10), (6-11) and (6-14).The net heat flux into the layer is then: 
 𝑄𝑛𝑒𝑡,1 = 𝑄𝑐𝑜𝑛𝑣 + 𝑄𝑟𝑎𝑑 − 𝑄𝑐𝑜𝑛𝑑,1 (6-16) 
The net heat flux into each internal layer is then the sum of the heat fluxes on 
both inner and outer surfaces given by: 
 𝑄𝑛𝑒𝑡,𝑖 = 𝑄𝑐𝑜𝑛𝑑,𝑖 − 𝑄𝑐𝑜𝑛𝑑,𝑖+1 (6-17) 
The net heat flux into the centre-most layer, is: 







6.4 Mass transfer 
6.4.1 Moisture evaporation 
An approximation for modelling the drying rate for small particles is given by 
Peters (Peters, 2003) as being a function of the difference between the particle 
temperature and the temperature at which the initial moisture content is at 
equilibrium. The rate of moisture loss is also proportional to the quantity of 








= 0 for 𝑇𝑝 < 𝑇𝑒𝑞 
 
Where: 
𝑚𝑤 is the mass of moisture in the particle  
𝑇𝑝  is the temperature of the particle at time 𝑡  
𝑇𝑒𝑞 is the temperature with initial moisture at equilibrium (~310K) 
𝜁 is a coefficient derived from the density, specific heat capacity 
and enthalpy of vaporisation of the water (Peters, 2003) 
This model has been described in Chapter 2 in the context of thermogravimetric 
analysis of various biomass samples. The factor, 𝜁, is related to the enthalpy of 
evaporation of water, the heat capacity of the water and the apparent density of 
moisture in the particle. For a specific heat capacity of 4181 J kg-1 K-1 , enthalpy 
of vaporisation of 2.26x106 J kg-1 and an effective density of 1000 kg m-3 x 
proportion of moisture content,  is estimated as 1.85 x 𝑀𝑊. For a particle with 
5% moisture content, 𝜁 = 0.0925. 
The energy balance associated with moisture evaporation should be accounted 
for in the calculation of particle temperature. As water vapour leaves the particle 
surface, the enthalpy of vaporisation results in a cooling effect. The effective 
heat flux resulting from evaporation from the surface layer is: 
 𝑄𝑒𝑣𝑎𝑝 =  𝑑𝑚𝑤 . 𝐻𝑒𝑣𝑎𝑝 (6-20) 
 
Where: 
𝑄𝑒𝑣𝑎𝑝 is the quantity of heat loss by vaporisation at the surface 
𝐻𝑒𝑣𝑎𝑝 is the enthalpy of vaporisation of water (2.26x10




The rate of devolatilisation may be modelled in a simplified form as a first-order, 










𝑚𝑣𝑜𝑙 is volatile mass content of the particle at time 𝑡 
𝐴𝑣𝑜𝑙  and 𝐸𝑣𝑜𝑙 are the reactivity pre-exponential coefficient and 
activation energy for devolatilisation respectively. 
In the first instance, the reaction rate coefficients derived from thermogravimetic 
analysis (Chapter 2) can be used in the model. 
6.4.3 Devolatilisation energy balance 
The energy balances associated with the conversion of the volatile mass from 
solid phase to gas phase should be taken into account. There are two aspects 
to the energy balance of the devolatilisation process. Firstly, the decomposition 
of the complex carbohydrates into smaller hydrocarbon molecules is 
endothermic. Secondly, the transition from condensed phase to gas phase of 
volatile matter at the surface of the particle also leads to a cooling effect.  
The effective cooling resulting from the enthalpy of the devolatilisation reaction 
is directly related to the rate of devolatilisation and the enthalpy of the 
decomposition reaction: 
 𝑄𝑣𝑜𝑙 =  𝑑𝑚𝑣𝑜𝑙. 𝐻𝑣𝑜𝑙 (6-22) 
 
Where: 
𝑄𝑣𝑜𝑙 is the quantity of heat loss by devolatilisation   
𝐻𝑣𝑜𝑙 is the enthalpy of devolatilisation  
The value for the enthalpy of devolatilisation is taken as ~0.2 MJ/kg from 
estimated heat of pyrolysis in published literature (Kung and Kalelkar, 1973). 
At the surface of the particle, the effective cooling resulting from the phase 
transition of products escaping the surface to the gas phase: 
 𝑄𝑣𝑜𝑙𝑣 = 𝑑𝑚𝑣𝑜𝑙 . 𝐻𝑣𝑜𝑙𝑣 (6-23) 
 Where: 
𝑄𝑣𝑜𝑙𝑣 is the heat loss from vaporisation of volatile matter 
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𝐻𝑣𝑜𝑙𝑣 is the effective enthalpy of vaporisation of the products 
escaping the surface 
The value for the enthalpy of vaporisation of organic products at the particle 
surface is estimated at ~0.5 MJ/kg - based on the enthalpy of vaporisation of 
simple hydrocarbons - CH4, C2H6, C3H8 (Haynes and Lide, 2013). 
6.4.4 Char oxidation 
While other models for char oxidation might be used, as a starting point for the 
single particle combustion model in this study, a single-step first-order model is 
adopted. This validity of adopting this simplification has been discussed in 
section 2.3.10. The rate of char oxidation is then modelled as a single step 















𝑚𝑐ℎ𝑎𝑟 is the mass of char (fixed carbon) in the particle at time 𝑡 
𝐴𝑐ℎ𝑎𝑟 and 𝐸𝑐ℎ𝑎𝑟 are the reactivity pre-exponential coefficient and 
activation energy for char oxidation respectively. 
[O2] is the volumetric concentration of oxygen relative to air  
𝜂 is the order of the reaction with respect to oxygen 
Again, in the first instance, the reaction rate coefficients derived from thermo-
gravimetric analysis (Chapter 2) can be used in the model. However, the 
reaction kinetic parameters measured are for the case where the oxygen 
concentration is that of air.  To be representative of the combustion regime 
applicable to the char particle, the relative partial pressure of oxygen at the 
carbon surface in the particle should be accounted for (Glassman and Yetter, 
2008). Assuming the partial pressure to be directly proportional to the 
volumetric oxygen concentration, the term [𝑂2] is included as the volumetric 
concentration. This is specified relative to atmospheric oxygen concentration 
(21%) and is dimensionless. In the single particle combustion experiment using 
a methane flame, the concentration of oxygen is taken to be around 9.0% 0.3 
at the surface (see Figure 3-7). 
The apparent order of the reaction, 𝜂 ,  for carbon oxidation is reported at lower 
temperatures (<900K) to be in the range 0.680.08 (Suuberg et al., 1989). At 
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higher temperatures (>1200K), the apparent reaction order is reported as 
varying between 0.5 or 1.0 (Murphy and Shaddix, 2006, Hurt and Calo, 2001) 
and a value of 0.79 or 1.0 being reported for coal chars at 1223K (Karlström et 
al., 2011). For modelling purposes, it is possible to select a fixed value or vary 
the value as a function of temperature. Since the exact nature of the 
relationship between reaction order and temperature is unknown for the 
biomass materials in this study a fixed value of 0.75 is selected since this is 
close to satisfying most reported values. 
6.4.5 Oxygen diffusion 
In the char oxidation model, the oxygen concentration influences the reaction 
rate as given in equation (6-24). A means of representing the oxygen 
concentration in the interior of the particle is therefore required. The extent of 
diffusion of oxygen into a char particle defines the so-called ‘zones of 
combustion’ as defined in various texts on combustion (Glassman and Yetter, 
2008, Marsh, 1989). The model should aim to emulate these combustion 
‘zones’ as the combustion process progresses. 
Zone I: Initially, the oxygen concentration is assumed to be uniform throughout 
the particle. The oxygen concentration is then set to the ambient condition. In 
the case of the methane flame in the single particle experiment, the volumetric 
concentration is taken as ~10%. In zone I, this concentration level is uniform 
throughout the particle. 
Zone II: As combustion progresses and the particle heats up, the reaction rate 
increases accordingly. This results in the oxygen in the interior of the particle 
being consumed at a faster rate than the oxygen can diffuse from the exterior. 
The concentration of oxygen in a given layer of the model will therefore be the 
net sum of the oxygen consumption in that layer and the oxygen diffusion to and 
from the layers either side. In zone II, there is a gradient of oxygen 
concentration from the surface to the interior of the particle. 
Zone III: At the highest rate of reaction on the outer layers, the net oxygen 
concentration will be so low that the diffusion into the next interior layer will be 
minimal and layers lying beneath will be depleted of oxygen such that the 
reaction rate is retarded. In zone III, the interior layers will have almost zero 
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oxygen concentration. The oxygen in the outer layer will be governed by that of 
the gas-phase reaction zone surrounding the surface. 
In the external zone at the particle surface, there is oxygen consumption in the 
homogeneous gas-phase reaction:   
 2CO(g)   + O2(g)  2CO2(g) (6-25) (a) 
The rate of consumption of O2 is then half the rate of production of CO which, at 
most, is equal to the rate of char oxidation given by equation (6-24). To estimate 
the rate of consumption of O2 in the external zone in the context of the 
experiments, it is useful to consider the case for a 1mm cube of biomass with 
mass of 0.5mg. The maximum rate (i.e.‘worst case’) of the char oxidation 
reaction in this case can be estimated using the following parameters: 











This gives a rate of carbon reaction of 6.6x10-9 kg.s-1 which implies a maximum 
production rate for CO of 15.4x10-9 kg.s-1. The maximum O2 consumption in the 
gas phase would then be in the order of 8.8x10-9 kg.s-1.  
In the experiment the particle is inside a flame with a flow of gas over the 
surface. The gas velocity was estimated at 3 m.s-1 and the gas density at 1600K 
is 0.22 kg.m-3. Over the projected surface area of the particle (1x10-6 m2), this 
gives a mass flow rate of 6.6x10-7  kg.s-1, almost 2 orders of magnitude higher 
than the highest estimated oxygen consumption rate. The oxygen concentration 
at the surface is therefore considered to be constant and equal to that of the 
gas flame. 
For the purposes of evaluating the reaction rate in the outermost layer of the 
solid particle the initial oxygen concentration in that layer is equated to the 
oxygen concentration in the surrounding flame. The depletion of oxygen in the 
layer is then calculated based on the rate of its consumption in the combustion 
process. This can be determined from the rate of char mass conversion (6-24). 
The principal heterogeneous reactions involved are: 
 C(s)   + O2(g)  CO2(g) (6-26) (a) 
 2C(s) + O2(g)  2CO(g) (6-26) (b) 
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These reactions run in parallel but the relative proportions of products are 
dependent on the oxygen partial pressure and the temperature. An expression 
for the ratio of CO2/CO produced internally in char as a function of these 










At temperatures between 1200K and 1400K and with a partial pressure of 0.1, 
this ratio is in the range 0.11 to 0.16.  On this basis, the mass balance gives 
approximately 1.5kg of oxygen consumption for each 1.0kg of carbon 








  (6-28) 
Since the oxygen concentration in the layer is specified in terms of volume, a 
density of gas in the layer is required. The density of air reduces with 
temperature according to the following relationship: 




The mass of oxygen in the particle layer is: 
 𝑚𝑂2,𝑖 = [O2] 𝜌𝑎𝑖𝑟𝑉𝑖 (6-30) 












{ Φ𝑂2,𝑖 −  Φ𝑂2,𝑖+1}   (6-32) 
 
Where: 
𝛤𝑂2 is the diffusion coefficient for oxygen inside the particle 
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During combustion, the oxygen inside the particle will be within an atmosphere 
predominantly consisting of the combustion products CO and CO2. If this were a 
static atmosphere, a diffusivity coefficient can be derived from the mean 
average of published data (Haynes and Lide, 2013) for O2-CO and O2-CO2 
systems as a function of temperature as: 
 𝛤𝑂2,𝐶𝑂−𝐶𝑂2 ≈ 8.5 × 10
−10  𝑇1.76 m2 s-1 (6-33) 
In the temperature range 1200K - 1400K, this gives values of 2.2x10-4 to 
2.9x10-4 m2 s-1. This represents the case for the free gases but it does not 
account for the influence of the solid char in which the porosity and tortuosity of 
the structure decrease the effective diffusion. Diffusivity in char combustion has 
been modelled (Sotirchos and Burganos, 1986) and predict the effective 
diffusivity in char with porosity of 0.25 to be between 1.1 to 2.5x10-5 m2 s-1 at 
1400K.  These values are around 0.1 times the diffusivity of the free gases 
given by equation (6-33). The diffusivity coefficient in the model is then modified 
to: 
 𝛤𝑂2,𝑐ℎ𝑎𝑟 ≈ 8.5 × 10
−11  𝑇1.76 m2 s-1 (6-34) 
For simplicity, this value is derived from the temperature of the char layer only 
and changes in the char porosity are not accounted for. For much of the char 
oxidation process, this is not an unreasonable approximation for the char being 
modelled with a constant density, shrinking particle.  
6.4.6 Char reaction energy balance 
Associated with the char oxidation, the energy balance of the reaction must be 
accounted for in the calculation of the particle’s temperature. The char oxidation 
reaction is exothermic and the resulting effective heat flux is given by: 
 𝑄𝑐ℎ𝑎𝑟 = 𝑑𝑚𝑐ℎ𝑎𝑟 . 𝐻𝑐ℎ𝑎𝑟 (6-35) 
 
Where: 
𝑄𝑐ℎ𝑎𝑟 is the heat generated from char oxidation 
𝐻𝑐ℎ𝑎𝑟 is the enthalpy of the char reaction 
 
𝐻𝑐ℎ𝑎𝑟 is derived from the enthalpies of formation of CO (110 kJ.mol-1) and CO2 
(393 kJ.mol-1). The ratio for the CO2/CO production derived from equation 
(6-27) is taken to be around 0.15. The mean average heat of the reactions in 
this case is approximately 12.7 MJ.kg-1 of carbon.  
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6.5 Potassium release 
6.5.1 Vaporization of potassium species 
The modelling of potassium release is based on the direct vaporization of KOH 
and KCl from the biomass particle. These two species of potassium are stable 
in the gas phase in the relevant temperature range. The rate of vaporization is 
governed by the vapour pressures of the respective potassium species 𝑃𝐾𝑂𝐻 
and 𝑃𝐾𝐶𝑙. Fatehi et al.(Fatehi et al., 2015) have shown that overall potassium 
release rate observed in similar experiments can be modelled as a first order 
Arrhenius expression. This is consistent with the kinetics of the phase transition 
from a condensed phase to  a gas phase described by the Clausius–Clapeyron 
relationship which is of a similar form to the Arrhenius relation.  The vapour 
pressure can be modelled as a function of temperature using the expression: 






𝑃𝐾  is the vapour pressure of the potassium species (KCl, KOH etc.) 
𝐵𝐾 is the pre-exponential coefficient for the potassium species 
𝐻𝐾 is the enthalpy of vaporisation for the potassium species 
The kinetic parameters for KCl and KOH taken from the literature (Rodrigues 
and Silva Fernandes, 2007, Rudnyi et al., 1994, Gurvich et al., 1996) are: 
 𝐵𝐾𝑂𝐻 = 6.44x10
6 N.m-2 𝐻𝐾𝑂𝐻=147 kJ mol
-1 
 𝐵𝐾𝐶𝑙 = 1.16x10
8 N.m-2 𝐻𝐾𝐶𝑙=164 kJ mol
-1 
The rate of release of potassium has been observed (Chapter 4) to be 
approximately proportional to the concentration of solid phase potassium 
species in the particle. The quantity of each K species in the gas phase in each 
layer of the particle is then assumed to be also dependent on the quantity of 
solid phase material. The mass of the gas phase potassium species can then 
be estimated by combining a proportional solid phase mass term and a 
vaporisation term from equation (6-36) giving: 




 Where:  
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𝑚𝐾(𝑔) is the mass of gas phase potassium species in the volume 
𝑚𝐾(𝑠)  is the mass of solid phase potassium species in the volume 
α is a coefficient relating solid phase mass to gas phase mass  
(In the model, a value of α = 0.065 has been used as a best fit to the empirical 
data.) The mass concentration of gas-phase KOH and KCl is then be derived 
from the gas-phase mass and volume of each layer of the model as: 






Φ𝐾(𝑔) is the mass concentration of gas phase of potassium in layer 
Having estimated the mass concentration of the potassium species in the layer 
of the particle, a means by which mass transfer to other layers and ultimately to 
the surface of the particle is required. This can be either by entrainment or by 
diffusion and which of these is the dominant mechanism is influenced by the 
dominant stage of the combustion process. 
6.5.2 Devolatilisation stage 
The mechanisms for the release of potassium in to the gas phase during the 
initial devolatilisation stage of combustion are: (i) direct vaporization of inorganic 
potassium (KCl and KOH); (ii) potassium arising from the combustion of organic 
volatiles released by pyrolysis.  The latter of these is more significant in lower 
temperature pyrolysis processes as described by Yu and Zhang (Yu and Zhang, 
2001) while, at higher temperatures there is higher vaporization of the inorganic 
species and the former dominates. The evaporation rate is a function of the 
concentration of gas-phase potassium and the rate at which the vapour is 
removed by either diffusion or convective mass transfer.  In the devolatilisation 
stage, a strong convective mass transfer mechanism is provided by the Stefan 
flux resulting from the generation of gas-phase organic volatiles inside and at 
the surface of the particle. This flux will entrain the evaporated potassium 
species as well as any potassium bound to the organic species themselves.  
The release of potassium in the devolatilisation stage will then be related to 




=  𝛽 𝛷𝐾(𝑠)  
𝑑𝑚𝑣𝑜𝑙
𝑑𝑡




𝛽 is a coefficient relating to the rate of release by entrainment 
𝑑𝑚𝐾(𝐸) is the mass of potassium released by entrainment 
The coefficient 𝛽 in this expression relates the volume of the gas phase 
potassium species that is entrained in the mass of volatile matter released from 
the particle. For the model, the value of 𝛽 = 1.0 ×  10−3  has been selected to fit 
the measured data. 
6.5.3 Char combustion stage 
In the char combustion stage, the mass transfer mechanism for the release of 
potassium is mainly governed by diffusion in the gas phase. The rate of release 
by diffusion can be modelled with Fick’s law (Cussler, 2009). For a spherical 
system, the flux through the surface of the particle is proportional to the radial 
concentration gradient at the surface, the diffusivity coefficient and the surface 
area. The concentration gradient at the surface of each layer is modelled as 
simply the difference between the calculated gas-phase mass concentration of 
KOH and KCl and radial distance between successive layers. The external 
concentration outside the particle is taken to be zero so the release rate from 





=  𝛤𝐾  
𝑆𝑖
∆𝑟𝑖
{ 𝛷𝐾(𝑔),𝑖 −  𝛷𝐾(𝑔),𝑖−1}   (6-40) 
 Where: 
𝛤𝐾 is diffusion coefficient for the gas phase potassium species 
The diffusion coefficient 𝛤𝐾, is assumed to be related to a similar temperature 
dependency as the oxygen diffusivity given in equation (6-34). Using an 
approximation of diffusivity derived from the relative molecular masses of gas 
components (Fuller et al., 1966) such that: 






  (6-41) 
 Where: 
ℳ1 and ℳ2 are the molecular masses of the respective gases  
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Assuming that the gas phase potassium species are diffusing in, predominantly, 
CO, the diffusivity of the potassium species can be approximated from a factor 
derived from (6-41) and the diffusivity derived for O2 in (6-34).  For KOH-CO 
(6-41) gives a factor of 0.88. In the model, the diffusivity is then taken as: 
 𝛤𝐾𝑂𝐻,𝑐ℎ𝑎𝑟 =  𝐺 × 𝛤𝑂2,𝑐ℎ𝑎𝑟    m
2 s-1 (6-42) 
 where: 𝐺 = 8.8   
This approximation is used, in the initial case, for the potassium release model. 
The diffusion variable, 𝐺, can be adjusted in the model to investigate the 
influence of the internal diffusion mechanism on the release patterns. 
6.5.4 Ash decomposition stage 
For materials with relatively low potassium content, high temperature 
combustion may release virtually all the potassium to the gas phase by the end 
of the char combustion stage. For other materials with higher potassium 
content, a significant amount of potassium is retained in the ash particle. It is 
possible that much of the potassium retained in the particle at this stage will 
combine with other ash components such as silicon, aluminium and calcium. 
However, It has been noted from experimental observations in Chapter 4 that if 
the ash particle continues to be exposed to the high temperature flame, 
potassium continues to be released to the gas phase. If the potassium is in the 
form of different species to KOH and KCL, the release rate will be subject to a 
different set of kinetic parameters. 
6.6 Model validation, analysis and discussion 
6.6.1 Mass transfer and burn-out 
The coefficients of the reaction kinetics derived from thermogravimetric analysis 
(Chapter 2) can be used in the model and the resulting devolatilisation times 
and burn-out times compared against the measured data from the single 
particle combustion experiments (Chapter 3).  The resulting analysis for the 
pine sample is presented in Table 6-1. A comparison of the devolatilisation 
times and burn-out times for each model and the measured data is shown in 
Figure 6-2. In the model, the devolatilisation time is referred to as the point at 
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which the mass of volatile content decreases below 5g. Similarly, the char 
burn-out is taken as the point at which the char mass reduces to below 5g. 
These are arbitrary limits but represent 0.5% of a 1mg particle which is within 
the bounds of the measurement limits of the experiment.  
Table 6-1 - Comparison of modelled and measured combustion characteristics 
(measured values from tables 2-11, 2-12 and figure 3.23) 
 reaction kinetic coefficients combustion duration coefficients 
 ln[Avol] Evol ln[Achar] Echar avol bvol aburnout bburnout 
 s-1 kJ.mol-1 s-1 kJ.mol-1 duration, t = a.mb 
Pine         
measured 7.0 61 11.6 92 1.33 0.59 6.1 0.66 
model a   7.0 61 11.6 92 2.35 0.54 5.3 0.67 
model b 9.0 61 10.6 92 1.34 0.58 6.2 0.62 
 
Using the measured reaction kinetics parameters directly in the model (model a) 
produces discrepancies between the predicted devolatilisation and burn-out 
times and those observed in the experiment. An adjustment to the pre-
exponential factors in both cases results in a model (model b) which is very 
close to the experimental results. It is difficult to identify where the discrepancy 
arises in model a since the reaction rates are sensitive to the temperature and 
the modelled temperature is dependent on many variables. The char reaction is 
also dependent on the assumed oxygen diffusion rates and resulting 
concentrations. Model b is adopted in the overall model since this replicates the 
measured data more closely. 
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Figure 6-2 – Comparison of modelled devolatilisation time and burn-out time 
compared with observed behaviour for pine 
 
Having established values for the reaction kinetics coefficients which are both 
realistic and produce satisfactory results for the characteristic times of 
devolatilisation and burn-out, other processes can be examined. The mass-loss 
time history of the individual components of the particle (moisture, volatile 
matter, char and ash) from the output of the model is shown in Figure 6-3. This 
illustrates well that the modelled processes behave as expected. The first part 
of the mass loss is mainly a result of the moisture evaporation. As the 
temperature of the particle exceeds 500K, devolatilisation starts and 
accelerates to rapid mass loss such that all volatiles are removed before 20% of 
the burn-out time has elapsed. At the end of devolatilisation, the particle 
temperature levels out at around 1350K and the char combustion proceeds. 
The rate of char combustion is fairly steady but there is a slight retardation in 
the rate towards the end of the burn-out as the combustion of the inner layers 
continues to be impeded by diffusion through the outer ash layers. The data 
from the same model output are shown in Figure 6-4 but in this case, plotted 
against the proportion of total mass conversion. This shows a different 
perspective with regards the relationship between the particle temperature and 
the rate at which the solid particle is consumed. The effect of the heat of char 
oxidation on the surface temperature is clearer in this plot. 
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Figure 6-3 – Modelled time-history of the mass loss during combustion of a 
2.1mg pine particle 
 
Figure 6-4 – Modelled mass loss as a proportion of total mass conversion 
during combustion of a 2.1mg pine particle 
 
6.6.2 Particle surface temperature 
A means of validating the surface heat transfer in the model is to compare the 
surface temperature of the modelled particle with that determined from 
thermographic imaging in the single particle combustion experiment (Chapter 
3). Three example plots of the measured surface temperatures of pine particles 
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of varying sizes are shown in Figure 6-5. The surface temperature calculated 
by the model plotted using the parameters in Table 6-2 are shown on the same 
plots for comparison.   
Table 6-2 - Particle parameters for surface temperature comparison 
 physical parameters 
 density (dry)  500 kg.m-3 
 moisture content  8.0 %wt 
 ash content  2.0 %wt (dry) 
 volatile content  82.0 %wt (dry) 
 combustion kinetics 
 Evol  61 kJ.mol-1 
 Avol  8000 s-1 
 Echar  92 kJ.mol-1   
 Achar  40000 s-1 
 
A notable feature of the temperature profile is the retardation of heating rate 
between ~600K and 1000K which results from the cooling effects of 
devolatilisation. The modelled surface temperature profile replicates the 
measured data well in this respect confirming that the devolatilisation energy 
balances in the model are realistic.  The final particle temperature of the 
modelled particle is also very close to the measured data which confirms that 




Figure 6-5 - Modelled surface temperature compared with measured data for 




6.6.3 Internal heat transfer 
The concentric-layer heat transfer model can be validated by reference to the 
analytical solution for internal heat transfer. Calculation of the internal 
temperature distribution in a sphere is not a straight-forward since there is no 
closed-form algebraic solution. However, an infinite-series solution has been 
derived (Carslaw and Jaeger, 1947) and is given by: 


















𝑇𝑆 = particle surface temperature 
𝑇  = internal temperature of particle at radius r (=𝑇0 at t=0) 
t  = time from initial condition (at uniform particle temperature) 
𝑟 = radial distance from centre of particle 
𝜆𝑝 = thermal conductivity of particle 
𝐶𝑝= specific heat capacity of particle 
The temperature differential Δ𝑇𝑟 between the centre of the particle and the 
surface is then given by: 
 Δ𝑇𝑟 = 2𝑇𝑆 ∑ (−1)
𝑗 𝑒𝑥𝑝 {











The characteristic time for internal heat transfer is the time at which the 









The first term in the numerical expansion of (6-44) then gives: 
 Δ𝑇𝑟 = 2 Δ𝑇𝑟0 𝑒𝑥𝑝 {
−4 𝜋2 𝜅
𝐷2
 𝑡 } (6-47) 
Rearranging to satisfy (6-46) gives: 
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The characteristic time for the internal heat transfer can expressed in terms of 
the thermal diffusivity and particle diameter as: 




The solution to the expression (6-44) (from a finite expansion) is shown in Figure 
6-6 along with the solution from the concentric-layered model. The plot is 
normalised for particle diameter and thermal diffusivity. The two solutions are 
very closely matched including the characteristic time for the heat transfer which 
is indicated on the plot. 
 
Figure 6-6 - Temperature difference between the surface and the centre of a 
particle as a result of heat flux to the surface 
 
In the case of a particle placed in a hot gas flame, the initial temperature 
difference between surface and centre is zero. As the particle surface heats up, 
the temperature differential will increase and heat conduction to the centre of 
the particle will follow. There is another difference to the ideal case which is that 
there is a cooling effect from the endothermic devolatilisation as illustrated in 
Figure 6-5.  The temperature of each concentric layer in the model can show 
how there is a different temporal-temperature profile for each layer and how 
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quickly the particle heats up compared to the ideal case.  Figure 6-7 shows the 
temperature profiles for each of 6 concentric layers (~0.1mm radial thickness) in 
a 1mg pine particle (~1.24mm equivalent diameter).  
 
Figure 6-7 - Temporal temperature profiles in concentric layers of modelled 
1mg pine particle 
 
Figure 6-8 - Temperature difference between surface and concentric layers of 
modelled 1mg pine particle 
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The heating rates in each layer are distinctly different and this will affect the rate 
of devolatilisation in each layer. Figure 6-8 shows the temperature differential 
between the surface of the particle and each concentric layer. The effect of 
devolatilisation can be seen in these profiles and this extends the time for the 
particle to reach a uniform temperature. The characteristic time for internal heat 
transfer calculated from the ideal case given by equation (6-49) is around 0.3 
seconds – as indicated on the figure. The particle effectively reaches a uniform 
temperature around 2.5 times the ideal characteristic time.  
6.6.4 Oxygen diffusion and combustion zones 
The oxygen concentration in the interior of the particle determines the 
combustion ‘zone’ that characterises the process as discussed in section 6.4.5. 
As an example to illustrate this, a particle with the parameters given in Table 
6-2 and an equivalent diameter of 2mm is modelled. Figure 6-9 shows the 
surface temperature profile and particle mass as time histories (top). The profile 
of the oxygen concentration at certain points in the combustion process are also 
shown. From the initial condition (bottom left, t=0) whereby there is uniform 
ambient oxygen concentration throughout the particle up to around half way 
through the devolatilisation stage (bottom left, t=10%) the combustion regime is 
in zone I passing into zone II. By the end of devolatilisation (bottom left, t=20%) 
the oxygen concentration in most of the particle interior is at zero which 
corresponds to zone III regime. This continues for the first part of the char 
combustion stage (bottom right, t=50%). By the latter stages of the char 
combustion, the particle has shrunk to around 10% of the original volume and 
there is very little carbon in the outer layers to oxidise so more oxygen can 
diffuse into the centre and the combustion is in zone II.  At the effective end of 




Figure 6-9 - Oxygen concentration in interior of a modelled particle with 
diameter=2mm 
 
6.6.5 Potassium release 
While the modelling of the combustion process of a single particle of biomass is 
an end in itself and aids the understanding of the observations in Chapter 3, 
most of the processes and phenomena discussed so far have been discussed 
and modelled extensively by others to various extents. Gas phase potassium 
release during combustion of biomass has been observed by Fatehi et al. 
(Fatehi et al., 2015) and Zhang et al. (Zhang et al., 2015) and both have 
published some results based on modelling.  In this work, one of the key 
objectives has been to model and replicate as close as possible the observed 
patterns of gas phase potassium release as presented in Chapter 4. This 
required a suitable model of the single particle combustion to be developed and 
tested first. Having established that this performs reasonably close to the 
combustion of single particles as observed in the experiments, it is possible to 
examine the proposed model of potassium release and examine how close this 
performs to the experimental observations too. 
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A means of validating certain aspects of the model is to simulate the potassium 
release for the test samples of wood doped with potassium acetate as 
described in Chapter 4. The model was run with the same parameters as 
presented in Table 6-2 with potassium concentrations (by mass) of 0.1%, 
0.25%, 0.5% and 0.75% respectively – corresponding to the concentrations in 
the doped samples of wood in the experiment. The parameters for potassium 
release in this case were based on those of KOH species (see section 6.5.1) 
since it is assumed that this is the principal product of the decomposition of 
CH3COOK. 
 
Figure 6-10 - Comparison of modelled potassium release profiles and those 
observed from particles of wood doped with potassium acetate 
 
 Figure 6-10 shows the results of the model (dashed lines) compared against 
the measured profiles. In this figure, the data are plotted against the proportion 
of the burn-out time for each particle, rather than the absolute time for 
combustion. The rationale for this is that the model has fixed reaction kinetics 
whereas the doped particles burned out at differing rates owing to catalysis by 
the potassium itself. This is then principally a qualitative comparison. The total 
areas under each modelled profile and the respective observed profile are 
approximately equal since these represent the total potassium content which is 
equal in both cases. 
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While there is some variation in the detail of the curve shapes, certain features 
are consistent with those observed in the experiment: (i) The peak rate of 
potassium release occurs just before the end of char burn-out; (ii) the peak rate 
of potassium release is approximately proportional to the initial mass 
concentration in the particle; (iii) The rate of release profile is skewed such that 
there is a steady (or slightly accelerating) increase before the peak and a more 
rapid decrease after the peak. 
This analysis provides some evidence that the assumptions on the mechanisms 
of gas-phase KOH release (vaporization and diffusion)  in the char combustion 
stage are substantially correct since the broad shape of the profiles are similar. 
There is not sufficient evidence in this case to confirm the validity of the 
proposed mechanism of entrainment in the devolatilisation stage, although 
neither are there sufficient grounds to dismiss it. 
The assumptions made in the description of the single particle combustion 
model have been shown in section 6.6 to have produced results which replicate 
the experimental observations presented in Chapters 3 and 4.  The modelled 
results are also consistent with established understanding of the combustion of 
single particles of biomass. Nevertheless, caution should be taken not to accept 
the output from any model without being aware of the limitations and possibility 
of misleading or erroneous predictions. With that caveat stated, the model can 
be used as a tool to investigate which parameters have significant influence on 
the observed patterns in gas-phase potassium release. In conclusion to this 
chapter, some of these parameters are examined with a qualitative assessment 
of the effects of adjusting them. 
6.6.5.1 Gas-phase potassium diffusion coefficient 
The chosen diffusion coefficient for the gas-phase KOH in the model was based 
on an estimate from equation (6-41) based on the calculated oxygen diffusion 
coefficient and the relative molecular masses of the respective gases. The initial 
value of the proportional factor 𝐺 was estimated at 0.88. There may be 
considerable variation in this parameter owing to differing gas mixture inside the 
particle and differing porosity and tortuosity of the solid. The effects of changing 
this parameter can be seen in Figure 6-11.  
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Figure 6-11 - Gas phase KOH release profiles modelled with varying diffusion 
coefficients 
The difference in the shape of the profiles from altering the factor 𝐺 from 0.1 to 
1.3 is considerable. At higher diffusivity, the release of gas from the particle is 
rapid, at first and then the release rate appears to saturate until diminishing as 
the potassium content is depleted. As the diffusivity is reduced, the gas release 
is much impeded and the release rate increases more slowly. Where there are 
lower levels of release in earlier stages of combustion, the peak rate towards 
the end of combustion is correspondingly higher and a more distinct peak is 
observed. The peak is also closer to the point of burn-out. At very low diffusivity 
(𝐺 = 0.1) , the peak is very high and narrow such that about 80%of the 
potassium is released in the last 20% of the burn-out time. 
Figure 6-12 shows modelled profiles compared against the profiles for wood 
pellets and willow presented in Chapter 4. The shape of the potassium release 
profiles for the wood pellets is modelled more effectively with a lower diffusion 
coefficient (G=0.3). The potassium release profiles for the willow particles are 
closer to the shape modelled with a higher diffusion coefficient (G=0.9). This 
qualitative analysis suggests that the diffusivity of the potassium species in the 






Figure 6-12 – Measured potassium release profiles for: (a) wood pellet; (b) 
willow compared with models with diffusion coefficients adjusted 
 
6.6.5.2 Effects of particle size 
To examine the influence of particle size on the modelled potassium release 
pattern, three particle masses 0.55, 1.1 and 2.2 mg (wet mass) were selected 
and the release profile modelled for an initial potassium content of 0.1%. The 
1.1mg mass corresponds to the mass of the doped reference particles to 
facilitate direct comparison.     
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Figure 6-13 Comparison of potassium release profiles for 3 different sized 
particles (normalised to burn-out time) 
 
Figure 6-13 shows the resulting release profiles normalised in the time-axis to 
the duration of burn-out.  There is a broad similarity between the profiles for the 
differing sizes of particle with the notable difference being the shape of the 
curve immediately after devolatilisation (from 20% to 40% burn out time). As 
particle size increases, there is a more rapid release early in the char 
combustion stage (a) followed by a ‘shoulder’ (b) and a peak (c) roughly at the 
same point relative to the burn-out time. The increased release rate (a) during 
char combustion appears to be linked to the increasing particle temperature at 
this point.  The shoulder (b) appears to be linked to a retardation in the heating 
effect of the char oxidation. This could be an artefact of the model but the profile 
measured form the experiments shows a similar feature so this suggests that 
the effect is real. 
6.7 Conclusion 
The capability of predicting the release of potassium to the gas phase during 
the combustion of biomass in large scale furnaces is very useful for 
understanding the potential ash fouling and corrosion potential of various fuels.  
Since the thermal, kinetic and physical changes that occur during combustion 
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all influence the rate of potassium release, it is important that modelling takes 
into account as many of these aspects as practical. It has been shown that use 
of single-step kinetic models for devolatilisation and char oxidation together are 
sufficient to model, with good effect, the mass loss as a function of particle 
temperature. Heat transfer and mass transfer internal to the particle are 
effectively modelled using a spherical approximation with discrete concentric 
layers. Using data from laboratory scale experiments as presented in Chapter 3, 
the modelling of devolatilisation and burn-out have been validated. The 
predicted surface temperature time-profile has also been validated using 
measurements derived from thermal imaging of the combusting particle.  
Having established the model adequately simulates the combustion process 
that the single particles of biomass are subject to in the experimental method, it 
is used as the basis of modelling the release of gas-phase potassium. 
The mechanisms for gas-phase potassium release were based on an assumed 
vaporization of KCL and KOH inside the particle and subsequent diffusion out of 
the surface.  With the initial assumptions, the model produces temporal release 
patterns for potassium which display a generic form close to those observed 
using the flame spectroscopy technique described in Chapter 4. 
By adjusting variables in the model, the effects of initial potassium 
concentration, particle temperature, gas-phase diffusion and particle size have 
been examined and these have been related to the patterns of potassium 
release observed in experiment. This confirms that the assumed mechanisms 
for gas-phase potassium release are valid. The code developed for the model is 
capable for further refinement and development and can be a useful tool for 







Chapter 7  
Conclusions 
7.1 Summary of findings 
The investigations presented in this thesis included characterisation and 
analysis of fourteen solid biomass fuels, typical of those used in large scale 
power plant. Using these fuels, three experimental studies aimed at specific 
aspects of biomass combustion were undertaken. These were complemented 
with development of a theoretical model, and the related computer code, for the 
combustion of single particles of biomass. 
The first of the experimental studies (Chapter 3) led to a demonstration that a 
power-function can be can be consistently applied to describe the relationship 
between particle size and burn-out duration. This gives a characteristic function 
of each fuel which can be used to estimate the maximum particle size required 
for optimal burn-out. These characteristic functions, with coefficients derived 
from the data, also provide a means of validating and calibrating combustion 
models both with regards to devolatilisation and full char burn-out.  
The experiment was extended to use a thermal imaging camera for observing 
surface temperature and the use of a photo-detector to observe potassium in 
the methane flame. The gas-phase potassium observations provided insights 
into the varied way in which potassium is released in the gas-phase throughout 
the different stages of the combustion process. Data obtained from this 
provided a basis for the modelling of gas-phase potassium release during 
combustion.  
A further experimental study to examine the variability in thermal conductivity of 
biomass fuels showed the variation in thermal conductivity between the different 
biomass fuel types. This produced useful data for modelling the combustion of 
small particles of biomass.  
Following from this, a model was developed incorporating a wide range of sub-
models for heat transfer, mass transfer, chemical kinetics and particle structure. 
The full model was compared against empirical data to validate: the relationship 
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between particle size and burn-out duration; the surface temperature of the 
particle throughout the combustion process; the relationships between 
potassium content and patterns of gas-phase potassium release. It has been 
demonstrated that the model can replicate to a reasonable degree, the results 
of the experimental observations.  
Drawing together the results of several experimental studies and analyses, the 
culmination of the research presented in this thesis is represented by the 
functioning model of a combusting particle of biomass fuel. The development of 
the model started as a reductive approach to the interpretation of experimental 
observations. With the resulting comprehensive model, the observations drawn 
from the experimental work are supported by theoretical analysis.  
The modelling helped establish how the relationship between particle size and 
burn-out is affected by both reaction kinetics and heat transfer. The form of the 
characteristic power-function identified in experiments (Chapter 3) arises from 
the rate at which the particle heats up. The heat transfer to the particle is 
influenced by the thermal conductivity of the materials.  From the results of 
thermal conductivity measurements (Chapter 5), this has been shown to vary 
between different fuel types. While the form of the relationship is given by the 
power function, the characteristic curve is scaled by the relative reaction rates 
of the fuels. These have also been shown to be variable from the 
thermogravimetric analyses (Chapter 2). The combined variability in these 
properties produces the wide range of characteristic burn-out times. 
The observations of the patterns of potassium release from combusting single 
particles provided both qualitative and quantitative information. While some of 
the characteristics of the quantitative data appear intuitively sensible (e.g. the 
peak rate of potassium release is correlated to the overall potassium 
concentration in the fuel), the full picture is difficult to interpret without the 
assistance of the model. After having established that the modelled mechanism 
for potassium release agreed with the quantitative data, it was possible to use 
the model to investigate the influence of varying diffusion rates and particle size. 
This analysis was able to provide some insight into the differences in the 
observed release profile shapes. The similarities between the modelled profiles 
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and observed profiles are evidence (though not proof) to support the validity of 
the assumed mechanisms of potassium release in the model. 
7.2 Relevance to industrial applications 
Solid biomass has an important role as a fuel that can displace coal in large 
scale power generation. On a domestic scale, the UK is already benefitting from 
electricity generation from  biomass combustion in large scale power stations. 
Between 2012 and 2015, Drax power station in North Yorkshire has proved the 
required technologies to be practical and commercially viable (Mason, 2015). In 
2016 a second UK large scale power station at Lynemouth commenced full 
conversion to biomass fuel (The_Daily_Telegraph, 2016). Nevertheless, there 
remain a number of issues which have the potential to cause operational 
problems or at least diminish operational efficiency in these applications. 
Several of these issues have been specifically addressed in this thesis and 
contribute towards the following: 
 Better understanding of the relationship between particle size and burn-
out allowing improvement of burn-out efficiency through milling controls 
and plant design. In particular, a measured ‘burn-out’ index has been 
proposed which provides a means of comparing maximum particle size 
limits for optimum burn-out efficiency. 
 
 Better understanding of  the mechanism of gas-phase potassium release 
from biomass during combustion. Development of modelling of 
potassium release mechanisms enabling investigation of the behaviour 
of different fuels and fuel mixtures for potential improvement of ash 
fouling and corrosion problems. 
 
 Data on the thermal conductivity for different biomass materials allowing 
better informed modelling of combustion and thermal conversion of fuel 
and enabling improved assessment of the risks associated with self-





7.3 Future research 
7.3.1 Modelling 
Having established a functional and validated model as part of this study, there 
is potential for further investigation examining various details of thermal 
conversion and combustion. In particular, there is scope for expanding the 
modelling of potassium release and developing this to account for the evolution 
of potassium from solid-phase minerals in the ash. This should aim to replicate 
the ‘ash decomposition stage’ of the observed profiles which is currently not 
incorporated in the model. This area of investigation is connected to 
understanding the interaction between potassium in the fuel and the other 
accompanying inorganic content. The influence of other elements in the fuel on 
potassium release is of interest since the inherent ash content and use of 
certain minerals as additives may affect the partitioning of potassium between 
gas-phase species and solid-phase minerals. An understanding of how to 
control this partitioning by means of additive minerals could then lead to 
development of ash behaviour control. This would then allow a means of 
moderating the effects of ash fouling and slagging in pulverised fuel boilers. 
The model is capable of being adapted to simulate other combustion conditions. 
Future studies may be performed to interpret observations from other single 
particle experiments using radiative heat transfer rather than the convective 
heat transfer in the flame experiments. 
There is scope for studies which use a combination of the single particle 
combustion model with other models. One such study would be to use the 
modelled relationship between burn-out time and particle size together with a 
particle size distribution obtained from a model of the milling/grindability 
behaviour. This would be useful for determining optimum milling operations for 
specific fuels. 
7.3.2 Experimental work 
The instrument developed for the detection of potassium spectral emission in 
flames is a useful tool for future experimental studies. Using the experimental 
method with single particles of fuel mixed with ash-fouling mitigant additives 
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would allow the effects of the additive on potassium release/retention to be 
investigated. 
The experimental method developed as a means of measuring the thermal 
conductivity also provides potential for future experimental work on a wider 
selection of materials.  
7.4  Research dissemination 
The research presented in this thesis has directly produced four journal 
publications and numerous conference presentations. It has also been the basis 
of reports delivered to the Future Conventional Power research consortium in 
fulfilment of University of Leeds remit within that project.  
The fundamental characterisation data (Chapter 2) provides a useful resource 
for other researchers, providing extensive detail on the composition and thermal 
behaviour of a variety of fuels for future reference. The results have been 
summarised in individual data-sheets for each fuel and are included in Appendix 
A. 
The single particle combustion experiment described in Chapter 3 formed the 
basis of a journal article:  
Mason, P.E., et al., Single particle flame-combustion studies on solid 
biomass fuels. Fuel, 2015. 151(0): p. 21-30. 
The experiments for detecting the gas-phase potassium release during single 
particle combustion which are described in Chapter 4 formed the basis of a 
journal article: 
Mason, P.E., et al., Observations on the release of gas-phase potassium 
during the combustion of single particles of biomass. Fuel, 2016. 182: p. 
110-117 
This work was also presented at the 22nd International Symposium on 
Combustion Processes, Poland, September 2015. 
The experiments on thermal conductivity of solid biomass materials which is 
described in Chapter 5 formed the basis of a journal article: 
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Mason, P.E., et al., Comparative Study of the Thermal Conductivity of 
Solid Biomass Fuels. Energy & Fuels, 2016. 30(3): p. 2158-216 
The modelling of single particle-combustion and gas-phase potassium release 
as described in Chapter 6 formed the basis of a journal article: 
Mason, P.E., et al., Gas phase potassium release from a single particle 
of biomass during high temperature combustion. Proceedings of the 
Combustion Institute, 2016 
This work was also presented at the 36th International Symposium on 
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Willow A unit ar dry daf
Moisture content wt% 8.3 - -
Ash content wt% 5.0 5.4 -
Volatile matter wt% 71.5 78.0 82.5
Fixed carbon wt% 15.2 16.6 17.5
Carbon wt% 42.9 46.8 49.5
Hydrogen wt% 6.0 5.5 5.8
Nitrogen wt% 0.4 0.5 0.5
Sulphur wt% 0.1 0.1 0.1
Oxygen wt% 37.3 41.8 44.1
Cellulose wt% 13.7 14.6 15.4
Hemicellulose wt% 49.8 52.9 55.8
Lignin wt% 24.7 26.3 27.7
Extractives wt% 1.0 1.0 1.1
Net calorific value MJ/kg 17.7 18.7
Gross calorific value MJ/kg 17.3 18.9 20.0
Density
Density of single particle kg/m3 490 ± 35
Bulk density of pellets kg/m3
Major Elements WCA EDX XRF
Na ppm (dry) 400
Mg ppm (dry) 565
Al ppm (dry) 1247
Si ppm (dry) 5812
P ppm (dry) 800
S ppm (dry) 2635
Cl ppm (dry) 700 282
K ppm (dry) 2400 2400
Ca ppm (dry) 7200
Ti ppm (dry) 188
Mn ppm (dry) 165
Fe ppm (dry) 1779
Trace Elements ICP
Zn ppm (dry) 107
Pb ppm (dry) 52
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 1.66% 1.59%
 MgO        wt% (ash) 2.24% 1.75%
 Al2O3       wt% (ash) 4.74% 4.22%
 SiO2    wt% (ash) 41.0% 35.1%
 P2O5    wt% (ash) 2.99% 2.71%
 K2O       wt% (ash) 5.90% 4.45%
 CaO       wt% (ash) 20.2% 18.5%
 TiO2 wt% (ash) 0.36% 0.69%
 MnO wt% (ash) 0.15% 0.13%









Ignition delay 0.11 0.27 s
Volatile flame 1.25 0.60 s
Char combustion 2.56 0.73 s
Total burn-out time 3.95 0.67 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 11.5 s-1 80 J/kg






(m = dry mass in mg)
Single Particle Combustion Data
Combustion Kinetics
Willow B
Willow B unit ar dry daf
Moisture content wt% 3.1 - -
Ash content wt% 1.8 1.9 -
Volatile matter wt% 79.5 82.0 83.6
Fixed carbon wt% 15.6 16.1 16.4
Carbon wt% 48.3 49.9 50.8
Hydrogen wt% 6.1 5.9 6.0
Nitrogen wt% 0.4 0.4 0.4
Sulphur wt% 0.0 0.0 0.0
Oxygen wt% 40.3 41.9 42.7
Cellulose wt% 12.5 13.0 13.3
Hemicellulose wt% 47.9 49.9 50.9
Lignin wt% 25.7 26.8 27.3
Extractives wt% 8.0 8.3 8.5
Net calorific value MJ/kg 17.9 18.3
Gross calorific value MJ/kg 19.1 19.8 20.1
Density
Density of single particle kg/m3 519 ± 11
Bulk density of pellets kg/m3
Major Elements WCA EDX XRF
Na ppm (dry) 440
Mg ppm (dry) 400
Al ppm (dry) 33
Si ppm (dry) 833
P ppm (dry) 867
S ppm (dry) 3700
Cl ppm (dry) 1100 167
K ppm (dry) 2100 2100
Ca ppm (dry) 5167
Ti ppm (dry) 133
Mn ppm (dry) 167
Fe ppm (dry) 200
Trace Elements ICP
Zn ppm (dry) 152
Pb ppm (dry) 2
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 1.21% 1.11%
 MgO        wt% (ash) 1.73% 2.40%
 Al2O3       wt% (ash) 1.52% 0.50%
 SiO2    wt% (ash) 7.90% 6.49%
 P2O5    wt% (ash) 2.05% 8.39%
 K2O       wt% (ash) 15.7% 11.3%
 CaO       wt% (ash) 49.8% 45.0%
 TiO2 wt% (ash) 0.08% 0.49%
 MnO wt% (ash) 0.07% 0.14%









Ignition delay 0.09 0.28 s
Volatile flame 1.19 0.60 s
Char combustion 2.92 0.77 s
Total burn-out time 4.18 0.72 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 6.3 s-1 58 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
Wood Pellet A
Wood Pellet A unit ar dry daf
Moisture content wt% 26.3 - -
Ash content wt% 0.2 0.3 -
Volatile matter wt% 62.5 84.8 85.0
Fixed carbon wt% 11.0 15.0 15.0
Carbon wt% 36.2 49.1 49.2
Hydrogen wt% 7.3 6.0 6.0
Nitrogen wt% 0.0 0.0 0.0
Sulphur wt% 0.0 0.1 0.1
Oxygen wt% 29.9 44.6 44.7
Cellulose wt% 15.1 15.5 15.5
Hemicellulose wt% 46.3 47.6 47.7
Lignin wt% 27.1 27.8 27.9
Extractives wt% 8.7 8.9 8.9
Net calorific value MJ/kg 18.2 18.2
Gross calorific value MJ/kg 14.4 19.5 19.5
Density
Density of single particle kg/m3 634 ± 25
Bulk density of pellets kg/m3 290
Major Elements WCA EDX XRF
Na ppm (dry) 62
Mg ppm (dry) 138
Al ppm (dry) 92
Si ppm (dry) 338
P ppm (dry) 62
S ppm (dry) 1046
Cl ppm (dry) 400 77
K ppm (dry) 400 400
Ca ppm (dry) 508
Ti ppm (dry) 108
Mn ppm (dry) 92
Fe ppm (dry) 92
Trace Elements ICP
Zn ppm (dry) 43
Pb ppm (dry) 3
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 2.60% 2.49%
 MgO        wt% (ash) 6.41% 5.90%
 Al2O3       wt% (ash) 2.88% 3.07%
 SiO2    wt% (ash) 21.2% 18.0%
 P2O5    wt% (ash) 4.50% 3.63%
 K2O       wt% (ash) 15.3% 10.6%
 CaO       wt% (ash) 27.3% 25.5%
 TiO2 wt% (ash) 0.24% 0.61%
 MnO wt% (ash) 3.20% 3.41%









Ignition delay 0.16 0.14 s
Volatile flame 1.46 0.58 s
Char combustion 6.57 0.62 s
Total burn-out time 8.23 0.60 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 12.4 s-1 86 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
Wood Pellet B
Wood Pellet B unit ar dry daf
Moisture content wt% 6.4 - -
Ash content wt% 0.9 1.0 -
Volatile matter wt% 77.7 83.0 83.9
Fixed carbon wt% 14.9 16.0 16.1
Carbon wt% 46.9 50.2 50.7
Hydrogen wt% 6.3 6.0 6.0
Nitrogen wt% 0.1 0.1 0.1
Sulphur wt% 0.0 0.0 0.0
Oxygen wt% 39.3 42.8 43.2
Cellulose wt% 15.9 16.6 16.7
Hemicellulose wt% 45.2 47.1 47.6
Lignin wt% 27.9 29.0 29.3
Extractives wt% 6.1 6.3 6.4
Net calorific value MJ/kg 18.8 19.0
Gross calorific value MJ/kg 18.8 20.0 20.2
Density
Density of single particle kg/m3 609 ± 39
Bulk density of pellets kg/m3
Major Elements WCA EDX XRF
Na ppm (dry) 140
Mg ppm (dry) 260
Al ppm (dry) 240
Si ppm (dry) 600
P ppm (dry) 140
S ppm (dry) 1240
Cl ppm (dry) 100 120
K ppm (dry) 800 800
Ca ppm (dry) 1220
Ti ppm (dry) 120
Mn ppm (dry) 160
Fe ppm (dry) 160
Trace Elements ICP
Zn ppm (dry) 11
Pb ppm (dry) 3
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 1.50%
 MgO        wt% (ash) 6.80%
 Al2O3       wt% (ash) 4.40%
 SiO2    wt% (ash) 25.4%
 P2O5    wt% (ash) 2.80%
 K2O       wt% (ash) 14.8%
 CaO       wt% (ash) 20.4%
 TiO2 wt% (ash) 0.20%
 MnO wt% (ash) 1.90%









Ignition delay 0.11 0.25 s
Volatile flame 1.26 0.64 s
Char combustion 5.05 0.69 s
Total burn-out time 6.40 0.68 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 9.0 s-1 71 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
Wood Pellet C
Wood Pellet C unit ar dry daf
Moisture content wt% 7.4 - -
Ash content wt% 1.1 1.2 -
Volatile matter wt% 77.7 83.8 84.8
Fixed carbon wt% 13.9 15.0 15.2
Carbon wt% 46.5 50.2 50.8
Hydrogen wt% 6.4 6.0 6.1
Nitrogen wt% 0.0 0.0 0.0
Sulphur wt% 0.0 0.0 0.0
Oxygen wt% 38.6 42.6 43.1
Cellulose wt% 12.5 13.1 13.3
Hemicellulose wt% 45.3 47.7 48.3
Lignin wt% 28.3 29.8 30.2
Extractives wt% 7.7 8.1 8.2
Net calorific value MJ/kg 19.0 19.3
Gross calorific value MJ/kg 18.8 20.3 20.6
Density
Density of single particle kg/m3 563 ±36
Bulk density of pellets kg/m3
Major Elements WCA EDX XRF
Na ppm (dry) 74
Mg ppm (dry) 222
Al ppm (dry) 278
Si ppm (dry) 1093
P ppm (dry) 93
S ppm (dry) 1037
Cl ppm (dry) 0 74
K ppm (dry) 500 500
Ca ppm (dry) 1241
Ti ppm (dry) 130
Mn ppm (dry) 130
Fe ppm (dry) 204
Trace Elements ICP
Zn ppm (dry) 13
Pb ppm (dry) 5
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 2.78% 2.31%
 MgO        wt% (ash) 4.69% 4.28%
 Al2O3       wt% (ash) 5.28% 4.48%
 SiO2    wt% (ash) 34.8% 26.4%
 P2O5    wt% (ash) 1.65% 1.85%
 K2O       wt% (ash) 8.40% 6.42%
 CaO       wt% (ash) 22.5% 21.2%
 TiO2 wt% (ash) 0.43% 0.68%
 MnO wt% (ash) 1.78% 2.08%









Ignition delay 0.09 0.30 s
Volatile flame 1.44 0.56 s
Char combustion 5.40 0.68 s
Total burn-out time 6.98 0.65 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 7.3 s-1 64 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
Pine
Pine unit ar dry daf
Moisture content wt% 8.3 - -
Ash content wt% 1.8 2.0 -
Volatile matter wt% 74.2 80.9 82.5
Fixed carbon wt% 15.7 17.1 17.5
Carbon wt% 42.6 46.5 47.4
Hydrogen wt% 5.7 5.2 5.3
Nitrogen wt% 1.2 1.3 1.3
Sulphur wt% 0.0 0.0 0.0
Oxygen wt% 40.3 45.0 45.9
Cellulose wt% 10.5 10.9 11.2
Hemicellulose wt% 53.2 55.7 56.8
Lignin wt% 28.0 29.3 29.9
Extractives wt% 2.1 2.2 2.2
Net calorific value MJ/kg 17.4 17.8
Gross calorific value MJ/kg 17.0 18.6 19.0
Density
Density of single particle kg/m3 481 ± 14
Bulk density of pellets kg/m3
Major Elements WCA EDX XRF
Na ppm (dry) 53
Mg ppm (dry) 227
Al ppm (dry) 87
Si ppm (dry) 313
P ppm (dry) 578
S ppm (dry) 655
Cl ppm (dry) 1300 53
K ppm (dry) 1200 1200
Ca ppm (dry) 3171
Ti ppm (dry) 34
Mn ppm (dry) 48
Fe ppm (dry) 135
Trace Elements ICP
Zn ppm (dry) 168
Pb ppm (dry) 7
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 0.80% 0.54%
 MgO        wt% (ash) 3.90% 2.84%
 Al2O3       wt% (ash) 0.70% 1.01%
 SiO2    wt% (ash) 4.50% 10.8%
 P2O5    wt% (ash) 10.1% 8.50%
 K2O       wt% (ash) 14.7% 6.71%
 CaO       wt% (ash) 36.3% 34.2%
 TiO2 wt% (ash) 0.00% 0.53%
 MnO wt% (ash) 0.10% 0.11%









Ignition delay 0.11 0.31 s
Volatile flame 1.33 0.59 s
Char combustion 4.61 0.69 s
Total burn-out time 6.08 0.66 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 7.0 s-1 61 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
Eucalyptus
Eucalyptus unit ar dry daf
Moisture content wt% 8.1 - -
Ash content wt% 0.8 0.9 -
Volatile matter wt% 75.9 82.6 83.3
Fixed carbon wt% 15.2 16.5 16.7
Carbon wt% 44.8 48.7 49.2
Hydrogen wt% 6.0 5.6 5.6
Nitrogen wt% 0.1 0.1 0.1
Sulphur wt% 0.0 0.0 0.0
Oxygen wt% 40.2 44.7 45.1
Cellulose wt% 10.0 10.5 10.6
Hemicellulose wt% 55.4 58.3 58.8
Lignin wt% 28.4 29.9 30.2
Extractives wt% 0.4 0.5 0.5
Net calorific value MJ/kg 18.2 18.3
Gross calorific value MJ/kg 17.8 19.4 19.6
Density
Density of single particle kg/m3 673 ± 14
Bulk density of wood chips kg/m3
Major Elements WCA EDX XRF
Na ppm (dry) 932
Mg ppm (dry) 273
Al ppm (dry) 318
Si ppm (dry) 727
P ppm (dry) 182
S ppm (dry) 2205
Cl ppm (dry) 0 636
K ppm (dry) 1000 1000
Ca ppm (dry) 2136
Ti ppm (dry) 45
Mn ppm (dry) 114
Fe ppm (dry) 136
Trace Elements ICP
Zn ppm (dry) 7
Pb ppm (dry) 7
Ash Composition WCA EDX XRF
 Na2O       wt% (ash)
 MgO        wt% (ash)
 Al2O3       wt% (ash)
 SiO2    wt% (ash)
 P2O5    wt% (ash)
 K2O       wt% (ash)
 CaO       wt% (ash)
 TiO2 wt% (ash)
 MnO wt% (ash)









Ignition delay 0.11 0.37 s
Volatile flame 1.27 0.62 s
Char combustion 4.66 0.75 s
Total burn-out time 6.07 0.72 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 7.0 s-1 62 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
Wheat Straw A
Wheat straw A unit ar dry daf
Moisture content wt% 10.8 - -
Ash content wt% 6.7 7.5 -
Volatile matter wt% 65.5 73.4 79.3
Fixed carbon wt% 17.1 19.1 20.7
Carbon wt% 40.1 44.9 48.6
Hydrogen wt% 6.1 5.5 6.0
Nitrogen wt% 0.5 0.6 0.6
Sulphur wt% 0.1 0.1 0.1
Oxygen wt% 35.7 41.4 44.8
Cellulose wt% 23.2 24.6 26.4
Hemicellulose wt% 41.4 43.8 47.1
Lignin wt% 19.2 20.3 21.9
Extractives wt% 4.0 4.2 4.5
Net calorific value MJ/kg 16.9 18.3
Gross calorific value MJ/kg 16.2 18.2 19.6
Density
Density of single particle kg/m3 201 ± 21
Bulk density of loose straw kg/m3
Major Elements WCA EDX XRF
Na ppm (dry) 273
Mg ppm (dry) 795
Al ppm (dry) 348
Si ppm (dry) 18565
P ppm (dry) 646
S ppm (dry) 3156
Cl ppm (dry) 2600 2908
K ppm (dry) 12700 12700
Ca ppm (dry) 5865
Ti ppm (dry) 621
Mn ppm (dry) 423
Fe ppm (dry) 348
Trace Elements ICP
Zn ppm (dry) 3
Pb ppm (dry) 27
Ash Composition WCA EDX XRF
 Na2O       wt% (ash)
 MgO        wt% (ash)
 Al2O3       wt% (ash)
 SiO2    wt% (ash)
 P2O5    wt% (ash)
 K2O       wt% (ash)
 CaO       wt% (ash)
 TiO2 wt% (ash)
 MnO wt% (ash)









Ignition delay 0.09 0.23 s
Volatile flame 0.68 0.62 s
Char combustion 6.47 0.64 s
Total burn-out time 7.29 0.64 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 7.0 s-1 59 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
Wheat Straw B
Wheat straw B unit ar dry daf
Moisture content wt% 8.1 - -
Ash content wt% 5.8 6.4 -
Volatile matter wt% 70.4 76.6 81.8
Fixed carbon wt% 15.6 17.0 18.2
Carbon wt% 42.0 45.8 48.9
Hydrogen wt% 6.1 5.7 6.1
Nitrogen wt% 0.5 0.5 0.6
Sulphur wt% 0.0 0.0 0.0
Oxygen wt% 37.3 41.6 44.5
Cellulose wt% 27.4 28.8 30.7
Hemicellulose wt% 40.1 42.2 45.0
Lignin wt% 18.6 19.6 20.9
Extractives wt% 3.0 3.1 3.3
Net calorific value MJ/kg 17.1 18.2
Gross calorific value MJ/kg 16.6 18.1 19.3
Density
Density of single particle kg/m3 320 ± 25
Bulk density of pellets kg/m3 200
Major Elements WCA EDX XRF
Na ppm (dry) 300
Mg ppm (dry) 625
Al ppm (dry) 150
Si ppm (dry) 13325
P ppm (dry) 425
S ppm (dry) 2100
Cl ppm (dry) 6100 450
K ppm (dry) 8200 8200
Ca ppm (dry) 5575
Ti ppm (dry) 25
Mn ppm (dry) 175
Fe ppm (dry) 250
Trace Elements ICP
Zn ppm (dry) 0
Pb ppm (dry) 4
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 0.47% 0.27%
 MgO        wt% (ash) 0.85% 1.02%
 Al2O3       wt% (ash) 0.57% 0.23%
 SiO2    wt% (ash) 45.1% 46.6%
 P2O5    wt% (ash) 0.46% 2.21%
 K2O       wt% (ash) 15.9% 11.75%
 CaO       wt% (ash) 14.5% 10.15%
 TiO2 wt% (ash) 0.15% 0.47%
 MnO wt% (ash) 0.05% 0.13%









Ignition delay 0.07 0.34 s
Volatile flame 0.82 0.57 s
Char combustion 5.63 0.44 s
Total burn-out time 6.54 0.46 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 5.0 s-1 55 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
Rape Straw
Rape straw unit ar dry daf
Moisture content wt% 14.3 - -
Ash content wt% 5.4 6.3 -
Volatile matter wt% 65.9 76.9 82.1
Fixed carbon wt% 14.4 16.8 17.9
Carbon wt% 39.1 45.6 48.7
Hydrogen wt% 6.3 5.5 5.9
Nitrogen wt% 0.9 1.0 1.1
Sulphur wt% 0.1 0.2 0.2
Oxygen wt% 33.9 41.4 44.2
Cellulose wt% 17.1 18.5 19.6
Hemicellulose wt% 41.6 45.0 47.8
Lignin wt% 17.8 19.3 20.5
Extractives wt% 10.6 11.4 12.1
Net calorific value MJ/kg 17.2 18.4
Gross calorific value MJ/kg 15.8 18.4 19.6
Density
Density of single particle kg/m3 211 ± 17
Bulk density of loose straw kg/m3 230
Major Elements WCA EDX XRF
Na ppm (dry) 475
Mg ppm (dry) 761
Al ppm (dry) 3993
Si ppm (dry) 2567
P ppm (dry) 729
S ppm (dry) 4025
Cl ppm (dry) 3200 1933
K ppm (dry) 4500 4500
Ca ppm (dry) 16194
Ti ppm (dry) 63
Mn ppm (dry) 222
Fe ppm (dry) 539
Trace Elements ICP
Zn ppm (dry) 6
Pb ppm (dry) 4
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 2.49% 1.88%
 MgO        wt% (ash) 2.30% 1.96%
 Al2O3       wt% (ash) 0.63% 0.54%
 SiO2    wt% (ash) 9.70% 9.79%
 P2O5    wt% (ash) 3.62% 3.42%
 K2O       wt% (ash) 11.7% 6.62%
 CaO       wt% (ash) 53.0% 51.1%
 TiO2 wt% (ash) 0.05% 0.48%
 MnO wt% (ash) 0.04% 0.00%









Ignition delay 0.17 0.21 s
Volatile flame 0.89 0.60 s
Char combustion 2.61 0.71 s
Total burn-out time 3.63 0.67 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 9.3 s-1 70 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
Miscanthus A
Miscanthus A unit ar dry daf
Moisture content wt% 7.4 - -
Ash content wt% 4.6 4.9 -
Volatile matter wt% 71.8 77.6 81.6
Fixed carbon wt% 16.2 17.5 18.4
Carbon wt% 42.7 46.1 48.5
Hydrogen wt% 6.1 5.7 6.0
Nitrogen wt% 0.5 0.6 0.6
Sulphur wt% 0.0 0.0 0.0
Oxygen wt% 38.7 42.7 44.9
Cellulose wt% 27.1 28.4 29.8
Hemicellulose wt% 39.5 41.4 43.5
Lignin wt% 21.0 22.0 23.1
Extractives wt% 3.2 3.4 3.5
Net calorific value MJ/kg 17.6 18.5
Gross calorific value MJ/kg 17.4 18.8 19.8
Density
Density of single particle kg/m3 650 ± 52
Bulk density of pellets kg/m3
Major Elements WCA EDX XRF
Na ppm (dry) 301
Mg ppm (dry) 438
Al ppm (dry) 164
Si ppm (dry) 9684
P ppm (dry) 793
S ppm (dry) 1997
Cl ppm (dry) 4600 4158
K ppm (dry) 7500 7500
Ca ppm (dry) 3830
Ti ppm (dry) 109
Mn ppm (dry) 55
Fe ppm (dry) 246
Trace Elements ICP
Zn ppm (dry) 21
Pb ppm (dry) 2
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 0.81% 2.19%
 MgO        wt% (ash) 1.53% 1.65%
 Al2O3       wt% (ash) 1.01% 0.44%
 SiO2    wt% (ash) 43.4% 40.8%
 P2O5    wt% (ash) 0.98% 3.72%
 K2O       wt% (ash) 18.5% 11.0%
 CaO       wt% (ash) 10.7% 8.31%
 TiO2 wt% (ash) 0.08% 0.47%
 MnO wt% (ash) 0.03% 0.07%









Ignition delay 0.14 0.18 s
Volatile flame 1.19 0.59 s
Char combustion 5.93 0.67 s
Total burn-out time 7.26 0.65 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 12.0 s-1 76 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
Miscanthus B
Miscanthus B unit ar dry daf
Moisture content wt% 2.5 - -
Ash content wt% 1.8 1.8 -
Volatile matter wt% 81.3 83.4 85.0
Fixed carbon wt% 14.4 14.8 15.0
Carbon wt% 47.1 48.3 49.2
Hydrogen wt% 6.1 5.9 6.0
Nitrogen wt% 0.2 0.2 0.2
Sulphur wt% 0.0 0.0 0.0
Oxygen wt% 42.4 43.8 44.6
Cellulose wt% 28.1 29.2 29.7
Hemicellulose wt% 31.0 32.2 32.8
Lignin wt% 20.1 20.9 21.3
Extractives wt% 15.4 15.9 16.2
Net calorific value MJ/kg 17.4 17.8
Gross calorific value MJ/kg 18.6 19.1 19.5
Density
Density of single particle kg/m3 n/a
Bulk density of pellets kg/m3
Major Elements WCA EDX XRF
Na ppm (dry) 362
Mg ppm (dry) 339
Al ppm (dry) 113
Si ppm (dry) 4094
P ppm (dry) 679
S ppm (dry) 1832
Cl ppm (dry) 6700 995
K ppm (dry) 1900 1900
Ca ppm (dry) 1448
Ti ppm (dry) 45
Mn ppm (dry) 45
Fe ppm (dry) 204
Trace Elements ICP
Zn ppm (dry) 32
Pb ppm (dry) 1
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 0.68% 0.98%
 MgO        wt% (ash) 1.89% 2.51%
 Al2O3       wt% (ash) 0.41% 0.14%
 SiO2    wt% (ash) 63.6% 46.7%
 P2O5    wt% (ash) 1.18% 4.95%
 K2O       wt% (ash) 11.7% 7.85%
 CaO       wt% (ash) 11.4% 8.54%
 TiO2 wt% (ash) 0.15% 0.46%
 MnO wt% (ash) 0.40% 1.77%












Total burn-out time s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 8.3 s-1 68 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
S-E Pellet
S.E. black pellets unit ar dry daf
Moisture content wt% 7.2 - -
Ash content wt% 3.9 4.2 -
Volatile matter wt% 70.6 76.1 79.4
Fixed carbon wt% 18.3 19.7 20.6
Carbon wt% 46.9 50.5 52.7
Hydrogen wt% 6.0 5.6 5.8
Nitrogen wt% 0.2 0.2 0.2
Sulphur wt% 0.0 0.0 0.0
Oxygen wt% 35.9 39.5 41.2
Cellulose wt% 0.0 0.0 0.0
Hemicellulose wt% 41.0 42.8 44.6
Lignin wt% 38.0 39.6 41.3
Extractives wt% 12.9 13.5 14.0
Net calorific value MJ/kg 18.7 19.6
Gross calorific value MJ/kg 18.5 20.0 20.8
Density
Density of single particle kg/m3 1200 ± 57
Bulk density of pellets kg/m3 745
Major Elements WCA EDX XRF
Na ppm (dry) 429
Mg ppm (dry) 452
Al ppm (dry) 405
Si ppm (dry) 1881
P ppm (dry) 190
S ppm (dry) 1548
Cl ppm (dry) 500 143
K ppm (dry) 2000 2000
Ca ppm (dry) 8881
Ti ppm (dry) 143
Mn ppm (dry) 286
Fe ppm (dry) 1238
Trace Elements ICP
Zn ppm (dry) 214
Pb ppm (dry) 2
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 0.00% 0.00%
 MgO        wt% (ash) 1.68% 1.57%
 Al2O3       wt% (ash) 2.06% 0.67%
 SiO2    wt% (ash) 10.8% 9.21%
 P2O5    wt% (ash) 1.53% 1.81%
 K2O       wt% (ash) 7.0% 5.33%
 CaO       wt% (ash) 43.0% 42.3%
 TiO2 wt% (ash) 0.00% 0.00%
 MnO wt% (ash) 1.96% 0.78%









Ignition delay 0.06 0.64 s
Volatile flame 1.38 0.63 s
Char combustion 7.94 0.82 s
Total burn-out time 9.40 0.80 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 1.6 s-1 37 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
Olive Residue
Olive residue unit ar dry daf
Moisture content wt% 5.9 - -
Ash content wt% 7.2 7.6 -
Volatile matter wt% 69.6 74.0 80.1
Fixed carbon wt% 17.3 18.4 19.9
Carbon wt% 45.9 48.8 52.8
Hydrogen wt% 6.3 6.0 6.5
Nitrogen wt% 1.4 1.5 1.6
Sulphur wt% 0.0 0.0 0.0
Oxygen wt% 33.3 36.1 39.1
Cellulose wt% 9.4 9.8 10.6
Hemicellulose wt% 19.4 20.4 22.1
Lignin wt% 27.7 29.1 31.5
Extractives wt% 31.5 33.1 35.8
Net calorific value MJ/kg 18.8 20.4
Gross calorific value MJ/kg 18.9 20.1 21.8
Density
Density of single particle kg/m3 1066 ±  48
Bulk density of pellets kg/m3 710
Major Elements WCA EDX XRF
Na ppm (dry) 341
Mg ppm (dry) 2005
Al ppm (dry) 602
Si ppm (dry) 2547
P ppm (dry) 1745
S ppm (dry) 2407
Cl ppm (dry) 2800 2266
K ppm (dry) 29200 29200
Ca ppm (dry) 6899
Ti ppm (dry) 160
Mn ppm (dry) 80
Fe ppm (dry) 762
Trace Elements ICP
Zn ppm (dry) 39
Pb ppm (dry) 2
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 0.89% 2.17%
 MgO        wt% (ash) 2.19% 2.41%
 Al2O3       wt% (ash) 1.86% 0.58%
 SiO2    wt% (ash) 8.5% 5.19%
 P2O5    wt% (ash) 0.94% 3.52%
 K2O       wt% (ash) 46.5% 33.0%
 CaO       wt% (ash) 11.3% 8.36%
 TiO2 wt% (ash) 0.07% 0.48%
 MnO wt% (ash) 0.02% 0.00%









Ignition delay 0.15 0.37 s
Volatile flame 1.68 0.56 s
Char combustion 5.39 0.85 s
Total burn-out time 6.95 0.81 s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 12.9 s-1 76 J/kg








(m = dry mass in mg)
Single Particle Combustion Data
Coal A
Kellingley Coal unit ar dry daf
Moisture content wt% 2.2 - -
Ash content wt% 18.0 18.4 -
Volatile matter wt% 29.6 30.3 37.1
Fixed carbon wt% 50.2 51.3 62.9
Carbon wt% 62.4 63.8 78.2
Hydrogen wt% 4.4 4.2 5.1
Nitrogen wt% 1.8 1.8 2.2
Sulphur wt% 1.7 1.7 2.1
Oxygen wt% 9.6 10.1 12.3
Net calorific value MJ/kg 27.1 33.3
Gross calorific value MJ/kg 27.4 28.0 34.3
Density
Density of single particle kg/m3
Bulk density kg/m3
















Ash Composition WCA EDX XRF
 Na2O       wt% (ash)
 MgO        wt% (ash)
 Al2O3       wt% (ash)
 SiO2    wt% (ash)
 P2O5    wt% (ash)
 K2O       wt% (ash)
 CaO       wt% (ash)
 TiO2 wt% (ash)
 MnO wt% (ash)











Total burn-out time s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 5.4 s-1 71 J/kg







(m = dry mass in mg)
Single Particle Combustion Data
Coal B
El Cerrejón coal unit ar dry daf
Moisture content wt% 5.5 - -
Ash content wt% 1.4 1.5 -
Volatile matter wt% 37.3 39.5 40.1
Fixed carbon wt% 55.8 59.0 59.9
Carbon wt% 68.0 71.9 73.0
Hydrogen wt% 5.5 5.1 5.2
Nitrogen wt% 2.0 2.1 2.2
Sulphur wt% 0.0 0.0 0.0
Oxygen wt% 17.6 19.3 19.6
Net calorific value MJ/kg 31.7 32.2
Gross calorific value MJ/kg 30.9 32.7 33.2
Density
Density of single particle kg/m3
Bulk density of pellets kg/m3














Zn ppm (dry) 7
Pb ppm (dry) 3
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 2.50%
 MgO        wt% (ash) 1.70%
 Al2O3       wt% (ash) 23.6%
 SiO2    wt% (ash) 46.1%
 P2O5    wt% (ash) 0.30%
 K2O       wt% (ash) 0.70%
 CaO       wt% (ash) 5.10%
 TiO2 wt% (ash) 1.00%
 MnO wt% (ash) 0.00%











Total burn-out time s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 6.5 s-1 75 J/kg







(m = dry mass in mg)
Single Particle Combustion Data
Coal C
Pittsburgh 8 coal unit ar dry daf
Moisture content wt% 1.6 - -
Ash content wt% 7.5 7.6 -
Volatile matter wt% 37.1 37.7 40.8
Fixed carbon wt% 53.8 54.7 59.2
Carbon wt% 69.5 70.6 76.4
Hydrogen wt% 5.2 5.1 5.5
Nitrogen wt% 2.6 2.6 2.8
Sulphur wt% 0.0 0.0 0.0
Oxygen wt% 13.7 14.1 15.2
Net calorific value MJ/kg 31.7 34.3
Gross calorific value MJ/kg 32.2 32.7 35.4
Density
Density of single particle kg/m3
Bulk density of pellets kg/m3














Zn ppm (dry) 13
Pb ppm (dry) 5
Ash Composition WCA EDX XRF
 Na2O       wt% (ash) 0.60%
 MgO        wt% (ash) 0.70%
 Al2O3       wt% (ash) 22.1%
 SiO2    wt% (ash) 40.0%
 P2O5    wt% (ash) 0.30%
 K2O       wt% (ash) 1.20%
 CaO       wt% (ash) 3.30%
 TiO2 wt% (ash) 0.90%
 MnO wt% (ash) 0.10%











Total burn-out time s
k = A.exp
(-E/RT) ln(A) units E units
Devolatilisation 4.4 s-1 65 J/kg





Single Particle Combustion Data
t = a.m
b 
(m = dry mass in mg)
 Appendix B 
Single particle combustion model 
FORTRAN code listing 
  
   
!****************************************************** 
!****************************************************** 
!****  CONCENTRIC LAYER HEAT TRANSFER              **** 
!****  BIOMASS SINGLE PARTICLE COMBUSTION MODEL    **** 
!****  + POTASSIUM RELEASE MODELLING               **** 
!****                                              **** 
!****  PATRICK E. MASON                            **** 
!****  UNIVERSITY OF LEEDS                         **** 





!########### DEFINE VARIABLES ########## 
implicit none 
!particle 
real :: Px,Py,Pz          ! initial particle properties (input file) 
real :: Volume, SurfaceArea, XSurfaceArea, Diameter, dr, shape     ! particle dimension variables (derived) 
real :: Mass_gross, Mass_dry, dry_density      ! particle mass 
real, dimension(100) :: Volume_layer,Mass_layer,SurfaceArea_layer    ! layer geometry variables 
real, dimension(100) :: dr_layer,Volume_layer0,shrinkage     ! layer geometry variables 
!moisture 
real :: moisture, Mw, Hevap, evap_coef       ! moisture properties 
real, dimension(100) :: Mw_layer, dMw_layer, dQevap_layer    ! layer moisture variables  
!volatile matter 
real :: volatile, Mvol, Hdevol, Hvolvap       ! volatiles properties 
real, dimension(100) :: Mvol_layer, dMvol_layer, dQvol_layer    ! layer volatiles variables 
!char  
real :: char, Mchar, Hchar, char_density       !char properties 
real, dimension(100) :: Mchar_layer, dMchar_layer, dQchar_layer    !layer char properties 
!ash 
real :: ash, Mash, ash_density        !ash properties 
real, dimension(100) :: Mash_layer       !layer ash properties 
!oxygen 
real :: diff_oxy, diff_oxy_temp_fac, diff_oxy_temp_exp, Oxy_conc,dMoxy_surface   !oxygen properties 
real, dimension(100) :: Oxy_conc_layer, Moxy_layer, dMoxy_layer    !layer oxygen properties 
real :: air_density_fac,air_density, mass_air       !air properties 
!potassium 
real :: potassium,MK,K_release,K_ent,diff_K,K_a      !potassium properties 
real :: MKOH,HKOH,BKOH,KOH_conc        !KOH properties 
real :: MKCL,HKCL,BKCL,KCL_conc        !KCL species properties 
real :: MKash,HKash,BKash,Kash_conc       !K in ash species properties 
real, dimension(100) :: MKOH_layer, dMKOH_layer, KOHconc_layer    !layer KOH properties 
real, dimension(100) :: MKCL_layer, dMKCL_layer, KCLconc_layer    !layer KCl properties 
real, dimension(100) :: MKash_layer, dMKash_layer,Kashconc_layer    !layer mineral K properties 
real, dimension(100) :: dmKOH_ent       !entrained K in layer 
!chemical kinetics 
real :: Avol,Evol,Achar,Echar,order       ! particle kinetics properties (input file) 
!thermal properties 
real :: Cp,Cpw,Cpv,Cpc,Cpa        ! specific heat capacities  
real :: TC,TCw,TCv,TCc,TCa        ! particle thermal properties  
real :: Ugas,TCgas,Vel_gas,Temp_gas,Re,Pr,Nu,R      ! gas-flame thermodynamic properties 
real :: Hconv, Em         ! convective heat transfer coefficient & Emissivity 
real :: dQconv,dQrad         ! convective and radiative heat flux  
real, dimension(100) :: dQcond,dQ_layer       ! conductive heatflow 
real, dimension(100) :: Cp_layer,TC_layer      ! layer heat capacity and thermal conductivity 
!temperature 
real :: temp          ! particle temperature  
real, dimension(100):: Temp_layer,dTemp_layer      ! layer heat temperature and temperature step 
! calculation steps 
real :: dt,time, time1,time2        ! calculation time step and duration 
integer :: i,i2,idt,j,n,nlayers,volend,charburn,charend,data_out    ! loop iteration counters, layer indices, end-point markers 
 
!########### INITIALISE VARIABLES AND CONSTANTS ########## 
!Read properties from input file 
real, dimension(12) :: property        ! file input property values 
character(len=40), dimension(12) :: property_name      ! file input property names 
open(10,file='particle_data_input.txt')       ! input property file name    
do j=1,12          ! number of properties to input 
read(10,101) property_name(j)        ! property name from file 
101 format(A40)  
read(10,102) property(j)         ! property value from file 
102 format(F12.2) 
end do           ! end of inputs from file   
! assign properties and convert to SI units  












! Derived particle dimension variables 
Volume=Px*Py*Pz          ! particle volume (m3) 
Diameter=(Volume*1.91)**(0.3333333)       ! particle equivalent diameter (m) 
XSurfaceArea=2.0*((Px*Py)+(Py*Pz)+(Pz*Px))      ! particle surface area (m2) 
SurfaceArea=12.5664*((Diameter/2)**2)       ! surface area of equivalent spherical particle 
Shape=0.7*(XSurfaceArea/SurfaceArea)       ! surface area shape correction factor 
! Derived component mass variables 
Mass_dry=dry_density*Volume        ! particle dry mass (kg) 
Mass_gross=Mass_dry/(1.0-moisture)       ! particle wet/total mass (kg) 
Mw=Mass_gross-Mass_dry         ! mass of water in particle (kg)  
Mvol=Mass_dry*volatile         ! mass of volatiles in particle (kg) dry basis 
Mash=Mass_dry*ash         ! mass of ash in particle (kg) dry basis 
char=1-(volatile+ash)         ! char content (dry basis)  
Mchar=Mass_dry*char         ! mass of fixed carbon in particle (kg) dry basis 
ash_density=1000          ! density of wood ash (kg/m3) 
char_density=Mchar/(volume -(Mash/ash_density))      ! density of char (kg/m3) 
evap_coef=0.0925          ! evaporation coefficient 
! Particle thermal properties 
Cpw=4181          ! Specific heat capacity of water (J/kg/K) 
Cpv=1600          ! Specific heat capacity of dry wood  (J/kg/K) 
Cpc=1000          ! Specific heat capacity of char  (J/kg/K) 
Cpa=800           ! Specific heat capacity of ash  (J/kg/K) 
Cp=((Cpw*Mw)+(Cpv*Mvol)+(Cpc*Mchar)+(Cpa*Mash))/Mass_gross    ! Specific heat capacity of particle(J/kg/K) 
TCw=0.6           ! Thermal conductivity of water  [W/m/K] 
TCv=0.16          ! Thermal conductivity of volatile part [W/m/K] 
TCc=0.3           ! Thermal conductivity of char part [W/m/K] 
TCa=0.2           ! Thermal conductivity of ash part [W/m/K] 
TC=((TCw*Mw)+(TCv*Mvol)+(TCc*Mchar)+(TCa*Mash))/Mass_gross    ! Thermal conductivity of particle (~wood) [W/m/K] 
Temp=300          ! particle initial temperature (K)  
Em=0.85           ! Emissivity of particle 
! Enthalpy constants 
Hevap=2.26e6          ! Enthalpy of vapourisation of water (J/kg) 
Hvolvap=0.5e6          ! Enthalpy of vapourisation of volatiles (J/kg) 
Hdevol=0.2e6          ! Enthalpy of devolatilisation (J/kg) 
Hchar=12.7e6          ! Enthalpy of char oxidation (J per kg of C) 
order=0.75          ! Order of char reaction w.r.t. oxygen  
! Oxygen 
diff_oxy_temp_fac=0.85e-10        ! oxygen diffusion-temperature factor 
diff_oxy_temp_exp=1.76         ! oxygen diffusion-temperature factor 
diff_oxy=diff_oxy_temp_fac*(temp**diff_oxy_temp_exp)     ! oxygen diffusion coefficient 
Oxy_conc=0.095          ! oxygen volumetric concentration  
air_density_fac=353.18         ! factor x 1/Temp = density of air [kg/m3] 
air_density=air_density_fac/temp        ! density of air [kg/m3] 
! Gas thermal properties 
R=8.314           ! gas Constant (J/mol/K) 
Temp_gas=1600!1800         ! gas (flame) temperature (K) 
Vel_gas=3.0          ! gas (flame) velocity (m/s)   
Pr=0.71           ! Prandtl number for gas (~air) 
Ugas=(5.0e-11*(Temp_gas**2))+(8.6e-8*Temp_gas)-1.8e-5     ! Kinematic viscosity of gas (~air) [m2/s] 
TCgas=1.25*(6.33e-5)*Temp_gas+0.00808       ! Thermal conductivity of gas (~air) [W/m/K] 
! Potassium 
MK=Mass_dry*potassium         ! mass of potassium in particle (kg) dry basis 
K_release=0          ! initial release value 
K_ent=1.0e-4          ! coefficient of entrainment of K species 
diff_K=diff_oxy*0.88         ! coefficient of diffusion of K species 
K_a=0.065 
KOH_conc=0          ! initial gas phase concentration 
MKOH=MK*1.0          ! proportion of MK in MKOH 
BKOH=6.44e6          ! coefficient of vapourisation (Pa) 
HKOH=1.47e5          ! Enthalpy of vapourisation of KOH (J/mol) 
KCL_conc=0          ! initial gas phase concentration 
MKCL=MK*0.0          ! proportion of MK in MKCl 
BKCl=1.16e8          ! coefficient of vapourisation (Pa) 
HKCL=1.64e5          ! Enthalpy of vapourisation of KCl (J/mol) 
Kash_conc=0          ! initial gas phase concentration 
MKash=MK*0.0          ! proportion of MK in MKash 
BKash=1.0e5          ! coefficient of vapourisation (Pa) 
HKash=1.4e5          ! Enthalpy of vapourisation of Kash (J/mol) 
! Set initial layer values 
  dr=0.1e-3          !layer radial thickness [m] 
  nlayers = (Diameter/(2*dr))-MOD(Diameter,(2*dr))     number of layers of [dr] radial thickness 
  !outer layers 
  do n=1,(nlayers)         !layer calculation loop 
    if (n/=nlayers) then 
    Volume_layer(n) = 4.18879*((((Diameter/2.0)-((n-1)*dr))**3)-(((Diameter/2.0)-((n)*dr))**3)) !volume of layer n [m3] 
    dr_layer(n)=dr         !initial radius of layer n [m] 
    else 
    Volume_layer(n) = Volume-SUM(Volume_layer)      volume of central layer [m3] 
    dr_layer(n)=(0.238732*Volume_layer(n))**(0.333333)     !initial radius of central layer [m] 
    end if 
    SurfaceArea_layer(n) = 12.5664*((Diameter/2.0)-((n-1)*dr))**2    !surface area of outer surface of layer n [m2] 
    Volume_layer0(n)=Volume_layer(n)       !initial volume of layer n [m3] 
    Mw_layer(n) = Mw*(Volume_layer(n)/Volume)      !mass of water in layer n [kg] 
    Mvol_layer(n)=Mvol*(Volume_layer(n)/Volume)      !mass of volatiles in layer n [kg] 
    Mchar_layer(n)=Mchar*(Volume_layer(n)/Volume)     !mass of char in layer n [kg]     
    Mash_layer(n)=Mash*(Volume_layer(n)/Volume)      !mass of ash in layer n [kg] 
    Mass_layer(n)=Mw_layer(n)+Mvol_layer(n)+Mchar_layer(n)+Mash_layer(n)   !gross mass of layer n [kg]  
    Oxy_conc_layer(n)=Oxy_conc        !oxygen concentration in layer n [%] 
    Moxy_layer(n)= Oxy_conc_layer(n)*Volume_layer(n)*air_density    !mass of oxygen in layer n [kg] 
    Cp_layer(n)=Cp         specific heat capacity of layer n [J/kg/K] 
    TC_layer(n)=TC         !thermal conductivity of layer n [W/m/k] 
    MKOH_layer(n)=MKOH*(Volume_layer(n)/Volume)      !mass of KOH in layer n [kg] 
    dmKOH_layer(n)=0         mass transfer of KOH in layer n [kg] 
    Temp_layer(n)=Temp         temperature of layer(n) 
  end do 
! Print initial values 
  103 format(A40,F12.2) 
  do j=1,12 
   print 103,property_name(j),property(j) 
  end do                    
 print 103,'char content [%]                        ',char*100 
     print 103,'particle dry mass [mg]                  ',Mass_dry*1e6 
     print 103,'particle wet mass [mg]                  ',Mass_gross*1e6 
     print 103,'char mass [mg]                          ',Mchar*1e6 
     print 103,'equivalent diameter [mm]                ',Diameter*1000 
     print 103,'particle volume [mm3]                   ',Volume*1e9 
     print 103,'particle surface area  [mm2]            ',SurfaceArea*1e6 
     print 103,'shape factor [ratio_of_area]            ',shape 
    print 103,'gas temperature [K]                     ',Temp_gas 
 print 103,'particle emissivity [ratio]             ',Em 
 print 103,'thermal conductivity [W/m/K]            ',TC 
 print 103,'specific heat capacity[J/kg/K]          ',Cp 
 print 103,'Oxygen concentration [%vol]             ',Oxy_conc 
! OUTPUT FILES 
 open(11,file='SPC_mass_output_file.txt')      !mass transfer output file  
 open(12,file='SPC_heat_output_file.txt')      !heat transfer output file 
 open(13,file='SPC_layer_file.txt')    !properties of internal layers: oxygen conc, thermal conductivity, heat capacity 
! Text file header information   
  do j=1,12          !header information 
 write(11,110)property_name(j),property(j)              
 write(12,110)property_name(j),property(j)         
 write(13,110)property_name(j),property(j)        
  end do           !from properties list  
  do j=11,13 
 write(j,110)'char content [%]              ',char*100 
 write(j,110)'char mass [mg]                ',Mchar*1e6 
 write(j,110)'particle dry-mass [mg]        ',Mass_dry*1e6 
 write(j,110)'particle wet-mass [mg]        ',Mass_gross*1e6 
 write(j,110)'equivalent diameter [mm]      ',Diameter*1000 
 write(j,110)'particle volume [mm3]         ',Volume*1e9 
 write(j,110)'particle surface-area [mm2]   ',SurfaceArea*1e6 
 write(j,110)'shape factor [ratio_of_area]  ',shape 
 write(j,110)'gas temperature [K]           ',Temp_gas 
 write(j,110)'particle emissivity [ratio]   ',Em 
 write(j,110)'thermal conductivity [W/m/K]  ',TC 
 write(j,110)'specific heat capacity[J/kg/K]',Cp 
 write(j,110)'Oxygen concentration [%vol]   ',Oxy_conc 
 write(j,110)'________________________________________________'   
  end do 
    110 format ( 1X,A40,T48,ES10.3) 
 write(11,111)'time[s]','Temp','Mass','Mw','Mvol','Mchar','volume','K-rel','K-conc','K-mass'  !mass transfer file column headers 
 write(11,111)'[s]','[K]','[mg]','[mg]','[mg]','[mg]','[mm3]','[ug/s]','[kg/m3]','[ug]'   !mass transfer file column headers 
 111 format ( 1X,A10,T12,A10,T24,A10,T36,A10,T48,A10,T60,A10,T72,A10,T84,A10,T96,A10,T108,A10) 
 write(12,121)'layer','time[s]','Temp[K]','TC','Cp','dQconv','dQrad','dQcond','dQvol','dQchar'  !heat transfer file column headers 
 121 format ( 1X,A10,T12,A10,T24,A10,T36,A10,T48,A10,T60,A10,T72,A10,T84,A10,T96,A10,T108,A10) 
 write(13,131)'layer[n]','time[s]','Temp[K]','mass','Moxy','airden','Vol','oxy-conc','Mash','-'  !layer properties file column headers 
 131 format ( 1X,A10,T12,A10,T24,A10,T36,A10,T48,A10,T60,A10,T72,A10,T84,A10,T96,A10,T108,A10) 
 
!################################## 
!########## CALCULATIONS ##########    
!################################## 
! Calculation loop parameters 
dt=1.0e-6          !define time step (seconds) 
volend=0          !reset devolatilisation end-point marker 
charburn=0          reset char burn start marker 
charend=0          !reset char burn-out end-point marker 
time=0           !initialise time counter 
time1=0 
time2=0 
data_out=10000          !data output 
i=0           !time step counter 
i2=0 
!>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>----------------------------------- -----------------------| 
!>>>>>>>>>>>>>>>>>>>>  START OF TIME_STEP CALCULATION LOOP >>>>>>>>>>>>>>>>>>>>>>>                                                           |  
!>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>                                                           V 
  do               !time-step calculation loop 
 !########## CONCENTRIC LAYER CALCULATIONS ########## 
 !>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>-----------------------------------------------------------| 
 !>>>>>>>>>>>>>>>>>>>>  START OF LAYER CALCULATION LOOP >>>>>>>>>>>>>>>>>>>>>>>>>>>                                                           | 
 !>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>                                                           V 
  do n=1,(nlayers)         !layer calculation loop 
    if (n==1) then 
   !Convective thermodynamics 
    Re=(Vel_gas*(Diameter))/Ugas        !Reynolds number 
    Nu=2+(0.6*((Re**(0.5))*(Pr**(0.333333))))      !Nusselt number (Ranz Marshall approximation) 
    Hconv=Nu*TCgas/(Diameter)        !convective heat transfer coefficient (W/m2/K) 
   !External heat transfer external layer 
    dQconv=dt*SurfaceArea_layer(n)*Hconv*(Temp_gas-Temp_layer(n))    !convective heat flux to surface layer(layer 1 only) 
    dQrad=dt*shape*SurfaceArea_layer(n)*Em*5.67e-8*((300**4)-(Temp_layer(n)**4))  !radiative heat flux to surface  (layer 1 only) 
    end if 
 
  !Internal heat transfer inner surface of layer n 
    if (n==nlayers) then 
   dQcond(nlayers)=0        !conductive heat flow to interior layer: boundary condition 
    else 
   dQcond(n)=dt*TC_layer(n)*((SurfaceArea_layer(n+1)/dr_layer(n))*(Temp_layer(n)-Temp_layer(n+1)))    !conductive heat flow to interior layer 
 end if 
       
  !Evaporation of moisture  
    if (Temp_layer(n)>310.0) then       !evaporation only above threshold temperature 
    dMw_layer(n)=dt*(Temp_layer(n)-310.0)*(Mw_layer(n))*evap_coef    !evaporation mass loss 
    dQevap_layer(n)=SUM(dMw_layer)*Hevap       !evaporation heat energy balance 
    Mw_layer(n)=Mw_layer(n)-dMw_layer(n)       !moisture mass adjustment 
    else           !no evaporation below threshold temperature 
    dQevap_layer(n)=0 
    dMw_layer(n)=0 
    end if 
 
 !Devolatilisation 
    dMvol_layer(n)=dt*Mvol_layer(n)*Avol*EXP((-1*Evol)/(R*Temp_layer(n)))   !mass loss from devolatilisation 
    dQvol_layer(n)= dMvol_layer(n)*Hdevol      !heat energy balance from devolatilisation 
    if (n==1) then 
    dQvol_layer(1)=dQvol_layer(1)+(SUM(dMvol_layer)*Hvolvap)    !heat energy balance from vapourisation of volatiles at surface 
 end if 
    Mvol_layer(n)=Mvol_layer(n)-dMvol_layer(n)      !volatile mass adjustment 
 
   !Oxygen concentration 
    diff_oxy=diff_oxy_temp_fac*(Temp_layer(n)**diff_oxy_temp_exp)    !oxygen diffusion coefficient 
    air_density=(air_density_fac/(Temp_layer(n)))     !density of air in layer [kg/m3] 
    Moxy_layer(n)= Oxy_conc_layer(n)*Volume_layer(n)*air_density    !mass of oxygen in layer [kg] 
    if (n==nlayers) then 
    dMoxy_layer(nlayers)=0        !oxygen diffusion at centre of particle: boundary condiditon  
    else 
    dMoxy_layer(n)=dt*diff_oxy*(SurfaceArea_layer(n+1)/dr_layer(n))*(Oxy_conc_layer(n)-Oxy_conc_layer(n+1))*air_density 
!diffusion of oxygen in to interior layer [kg] 
    end if 
    if (n==1) then 
    dMoxy_surface=dt*diff_oxy*(SurfaceArea_layer(n)/dr_layer(n))*(Oxy_conc-Oxy_conc_layer(n))*air_density !diffusion of oxygen from surface [kg] 
    end if 
 
    !Char combustion  
    dMchar_layer(n)=dt*Mchar_layer(n)*((Oxy_conc_layer(n)/0.21)**(order))*Achar*EXP((-1*Echar)/(R*Temp_layer(n)))!char mass loss from oxidisation 
    dQchar_layer(n)=dMchar_layer(n)*Hchar      !heat energy balance from char combustion 
    Mchar_layer(n)=Mchar_layer(n)-dMchar_layer(n)     !char mass adjustment 
    if (Mchar_layer(n)<0.0) then  
     Mchar_layer(n)=0.0 
    end if  
     
    !Oxygen consumption 
    if (n==1) then  
    Moxy_layer(n)=Moxy_layer(n)+dMoxy_surface-dMoxy_layer(n)-(1.5*dMchar_layer(n)) !consumption of oxygen in external layer [kg] 
    else 
    Moxy_layer(n)=Moxy_layer(n)+dMoxy_layer(n-1)-dMoxy_layer(n)-(1.5*dMchar_layer(n)) !consumption of oxygen in internal layers [kg] 
 end if 
    if (Moxy_layer(n)<1.0e-20) then  
    Moxy_layer(n)=0.0 
    end if   
    mass_air=1e9*(Volume_layer(n)*air_density)      !mass of air in layer 
    Oxy_conc_layer(n)=Moxy_layer(n)/mass_air      !oxygen concentration recalc  
    Oxy_conc_layer(n)=Oxy_conc_layer(n)*1e9 
 
    !Temperature change 
    if (n==1) then  
    dQ_layer(n)=dQconv+dQrad-dQcond(n)-dQevap_layer(n)-dQvol_layer(n)+dQchar_layer(n) !net heat flux external layer  
    Temp= Temp_layer(1)         !Temperature of external surface of particle 
    else 
    dQ_layer(n)=dQcond(n-1)-dQcond(n)-dQevap_layer(n)-dQvol_layer(n)+dQchar_layer(n) !net heat flux internal layers  
    end if 
    dTemp_layer(n)= dQ_layer(n)/((Cp_layer(n))*(Mass_layer(n)))    !Temperature change on external layer  
    Temp_layer(n)=Temp_layer(n)+dTemp_layer(n)      !Temperature adjustment external layer  
     
    !Potassium gas-phase diffusion and entrainment 
   diff_K=diff_oxy*0.88 
   if (MKOH_layer(n)>0) then 
   KOHconc_layer(n)=(K_a*MKOH_layer(n))*BKOH*EXP((-1.0*HKOH)/(R*Temp_layer(n)))/Volume_layer(n) !gas phase K concentration in particle 
   dmKOH_ent(n)=(K_ent*dMvol_layer(n)*(MKOH_layer(n)/Volume_layer(n)))   !entrained K 
    if (n==1) then  
    dmKOH_layer(n)=(dt*diff_K*(SurfaceArea_layer(n))*KOHconc_layer(n))   !potassium diffusion to surface 
 else 
    dmKOH_layer(n)=(dt*diff_K*(SurfaceArea_layer(n)/dr_layer(n))*(KOHconc_layer(n)-KOHconc_layer(n-1))) !potassium diffusion between layers    
    end if 
   else 
   dmKOH_layer(n)=0 
   MKOH_layer(n)=0 
   end if 
   if (n==nlayers) then 
   MKOH_layer(n)=MKOH_layer(n)-dmKOH_layer(n)-dmKOH_ent(n) 
   else 
   MKOH_layer(n)=MKOH_layer(n)-dmKOH_layer(n)+dmKOH_layer(n+1)-dmKOH_ent(n) 
   end if 
    
   !Mass step all layers 
   Mass_layer(n)=Mw_layer(n)+Mvol_layer(n)+Mchar_layer(n)+Mash_layer(n)                              !Mass change  
   Cp_layer(n)=((Cpw*Mw_layer(n))+(Cpv*Mvol_layer(n))+(Cpc*Mchar_layer(n))+(Cpa*Mash_layer(n)))/Mass_layer(n) !Specific heat capacity of layer(J/kg/K)  
   TC_layer(n)=((TCw*Mw_layer(n))+(TCv*Mvol_layer(n))+(TCc*Mchar_layer(n))+(TCa*Mash_layer(n)))/Mass_layer(n) !Thermal conductivity of layer 
   Volume_layer(n)=(Mchar_layer(n)/char_density)+(Mash_layer(n)/ash_density)    !Volume of char particle (shrinking related to char mass loss) 
   shrinkage(n)=(Volume_layer(n)/volume_layer0(n))**(0.3333333) 
    if (shrinkage(n)<0.0001) then  
    shrinkage(n)=0.0001 
    end if   
   dr_layer(n)=dr*shrinkage(n)             !adjustment of radial thickness of layer from volume shrinkage 
 
  ! OUTPUTS from layer calculations 
  if (MOD(i,data_out)==0) then 
   write(12,122) (n),time,Temp_layer(n),TC_layer(n),Cp_layer(n),dQconv,dQrad,dQcond(n),dQvol_layer(n),dQchar_layer(n)        !heat transfer file output 
   write(13,132) (n),time,Temp_layer(n),Mass_layer(n),Moxy_layer(n),air_density,Volume_layer(n),Oxy_conc_layer(n),Mash_layer(n) !layer properties file  
   122 format (' ',1I11,2F11.4,7ES11.3) 
   132 format (' ',1I11,2F11.4,6ES11.3) 
  end if 
 end do 
 
!<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<                                                           ^ 
!<<<<<<<<<<<<<<<   END OF LAYER CALCULATION LOOP <<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<                                                           | 
!<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<-----------------------------------------------------------|   
!########## WHOLE PARTICLE CALCULATIONS ########## 
  !Particle dimensions and mass step 
  Volume=SUM(Volume_layer) 
  Diameter=(Volume*1.909872)        ! particle equivalent diameter (m) - based on volume of char only 
  Diameter=Diameter**(0.333333)        ! particle equivalent diameter (m) - based on volume of char only 
  SurfaceArea=12.5664*((Diameter/2.0)**2)      ! surface area of equivalent spherical particle 
  Mass_gross=SUM(Mass_layer)        ! total mass of particle 
  Mw=SUM(Mw_layer)         ! total mass of moisture in particle 
  Mvol=SUM(Mvol_layer)         ! total mass of volatiles in particle 
  Mchar=SUM(Mchar_layer)         ! total mass of char in particle 
  Mash=SUM(Mash_layer)         ! total mass of ash in particle 
  Volume=(Mchar+Mash)/char_density        ! volume based on mass of char+ash only 
  MKOH=SUM(MKOH_layer)         ! Total mass of K in particle 
  KOH_conc=SUM(MKOH_layer)/Volume        ! overall concentration of in particle 
  K_release=dMKOH_layer(1)+SUM(dMKOH_ent)      ! K released from surface: diffused + entrained 
  
  ! OUTPUTS from whole particle calculations 
  if (MOD(i,data_out)==0) then 
  write(11,112) time,Temp,(Mass_gross*1e6),(Mw*1e6),(Mvol*1e6),Mchar*1e6,(Volume*1e9),((K_release*1e9)/dt),KOH_conc,(MKOH*1e9)!mass transfer data file output      
  112 format (' ',2f11.4,8ES11.3) 
  end if 
!Time step 
  i=i+1     







if (MOD(i,idt)==0) then          !progress monitoring 
   print *,'calculating  ',NINT(time),' seconds' 
end if 
if ((Mvol<5e-9).AND.(volend==0)) then 
  print *,'devol time = ',time 
  volend=1 
  !exit 
end if 
if ((Mchar<5e-7).AND.(charburn==0)) then 
  charburn=1 
  dt=dt*0.1 
  i2=i 
end if 
if ((Mchar<5e-9).AND.(charend==0)) then 
  print *,'end of char burn-out= ',time 
  charend=1 
  !exit 
end if 
if ((MKOH<1e-12).AND.(charend==1)) then 
  print *,'end K release= ',time 
  exit 
end if 
end do 
!<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<< END OF TIME_STEP CALCULATION LOOP  
!Print final values of particle dimensions and mass 
      print 103,'final particle temperature [K]          ',Temp 
                    print 103,'final particle mass [mg]                ',Mass_gross*1e6 
                    print 103,'final diameter [mm]                     ',Diameter*1000 
                    print 103,'final diameter check [mm]               ',(SUM(dr_layer))*2000 
                    print 103,'final volume [mm3]                      ',Volume*1e9 
                    print 103,'final Mw [mg]                           ',Mw*1e6 
                    print 103,'final Mvol [mg]                         ',Mvol*1e6 
                    print 103,'final Mchar [mg]                        ',Mchar*1e6 
                    print 103,'total iterations                        ',(i*1.0) 
                     
!################## THE END #################### 
end program concentric_layer_SPC 





















Too many flames with too much to burn 
And life’s only made of paper 
Oh how I need to be free of this pain 
But it goes over 
and over 
and over 
and over again 
 
Ronnie James Dio 1981.   
 
 
 
